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Originally, it was not planned for Hughes to  participate in Phase  A 
Report  preparation. The basic rcsponsibility of Hughes in the ea r ly  pa r t  of 
this  contract  had been to a s s i s t  JPL in defining a l l  mission-dcpendent E a r t h  
activit ies and resources  (hereinafter r e fe r r ed  to  as the “Mission Operations 
Complcx” - MOC) required to support thc remote-controllcd phase of the 
1 
SUMMARY 
The study contract  for prel iminary analysis for Lunar Roving Vchicle 
During February  
( L R V )  Ground Data Systems (GDS) and Operations was initiated in Septcm- 
ber  1969, and was originally intended a s  a six-month task. 
1970, Hughcs was directed to s t re tch  o u t  the existing program with a Final 
Report  delivcry scheduled for  30 June 1970. 
Thc  content of the Final Report (Volumes I, 11, and 111) constitutes 
only p a r t  of the final product by thc Hughes Aircraf t  Company in r e s  ponse to 
Con t rac t  No. 952668. The total  response is  l is tcd below and it should be noted 
that ma te r i a l  priiitcd in J e t  Propulsion Laboratory documents was supplied 
under the tcrms of the contract  in final draft  form. 
o Pre l iminary  Analysis for  Lunar Roving Vehicle Study - Ground 
Data Systems and Operations, Hughes Reference No. C0077, 
dated 30 June 1970: Volume I, Roving Vehicle Guidance (Remote 
Driving Study); Volume 11, Roving Vehicle Payload (Sciencc 
Mode Time Analyses);  Volume 111, Roving Vehicle Navigation 
(Evaluation Determination Analysc s ) .  
LRV’Navigation and Guidance System Phase  A Study Report, 
J P L  Document No. 760-42, dated 15 October 1969:  Section V, 
Mission Operations;  Section VI,  Navigation and Guidance 
Operations;  Section VU, Problem Areas ;  Section X, Plan for 
Phase  B Study. 
o 
0 Science Ground Data System and Science Operations Organiza- 
tion fo r  Remotely Controlled Lunar T r a v e r s e s  - Phase  A Study 
Report ,  J P L  Document No. 760-39, dated 10 October 1969: 
Scction VI, Science Operations; Scction VII, Problem A r e a s ,  
Section X,  Phase  B Stiidy Plan, 
o Opcrations Profi les  f o r  Lunar Roving Missions,  JPL Documciit 
No. 760-46, dated May 1970. 
L R V  Mission. 
mission requirements ,  the total plan which implemented these requirements  
was first established. 
Since this  constituted a variable which is dependent upon 
Mission requirements  a l so  dictate a general  L R V  design. Such a design 
i s  not necessa ry  in defining a general  MOC but becomes necessa ry  in e s t a -  
blishing i t s  details (commensurate  to  the extent of available LRV design detail). 
No sole L R V  design existed throughout the contract  period. 
Grumman each had severa l  designs in the ea r ly  pa r t  of the period and JPL 
therefore  postulated a single design to ac t  as a baseline for the Hughes effort  
of MOC definition. 
regarding establishing and periodically up-dating a postulated LRV design 
without incompatibilities and with a level of detail useful toward MOC defini- 
tion. Continuing ass i s tance  to  J P L  was provided in assess ing  the effect on the 
GDS baseline design of thc LRV mission, vehicle, and science payload changes 
during the study, and design change reconinicndations were made a s  appropriate,  
Bendix and 
Considerable t ime was spent coordinating with J P L  sources  
It was originally intended to deliver to JPL detailed definition of the 
Ground Data System in thc a r e a s  of display, operations profile, operations 
organization, navigation programs and computcr applications, hazard p r e -  
diction programs,  and avoidancc maneiivcr techniques. During January and 
February  of 1970,  it was dctermined by J P L  that the study should concentrate 
m o r e  in the a r e a s  of 1) remote driving problcrns, 2) Navigational analyses for 
operat ions use (concentrating on elevation dctcrrninations), and 3) t ime line 
analyscs. In par t icular ,  it was decided to develop the above definitions to 
only the intcrnicdiate level and not initiate work on a general  command and 
control computer program, o r  identify a single operations organization. 
a l so  becn intended to expand the detail of the MOC to a level of detail at tain- 
able within the remainder  of the contract period. 
a l so  suspended a t  J P L ' s  request. 
1970, a r epor t  entitled "MOC Definition for  Synthcsized LRV Design" was 
submitted. 
and included an Introduction, Synthesized LRV Description, Operations 
Profi le ,  and MOC Profiles.  
Phase  B Report. 
It h a s  
However, this effort was 
Thus, during January and February  of 
This report. consisted of five basic sections plus an appendix; 
This  mater ia l  was used by JPL in preparing the 
The  MOC profile char t s  in the Phase  13 Report  show the d i rec t  c o r r e l a -  
tion of a l l  the par t icular  Earth-based activities and equipment used to imple- 
ment each specific operational activity idcntified by numerical  subdivision of 
a basic operation "mode" (the f i r s t  divisional level within the remote controlled 
phase of the mission).  
the MOC char t s  was also calculated. 
activit ies and general  mission plans is required to establish total  mission 
t ime l ines .  
gation by Hughes a t  J P L ' s  request.  
The estimated Delta t ime to accomplish each row of 
An iteration with specific operational 
This  was not pursued furthcr in  the a r e a s  of Guidance and Navi- 
Paral le l ing the above i n  t ime was an effort by Hughes to identify ( for  
A review was made of a l l  
operational use) the subtle aspects  of perhaps the most  demanding of the LRV 
mission requirements--Navigation and Guidance. 
available documentation produced by Bendix, General  Motors,  and Grumman 
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r e g a r d  ing the subject, 
showcd that accuracy ve r sus  n u m b e r  of visual  landmarks,  and accuracy  
v e r s u s  number of navigation updates f o r  a given course,  was not a simple 
c r i t e r i a  for  opcrational decisions when navigating by landmark, 
P re l imina ry  inve stigation in  Navigation by landmark 
.cn1- .4-;  I bA',*L"*IUIL1p. n* " L e  Sr;bscqi;cnt invc stigations estab!ished appreciably re!ial;!e 
Volume I details  considerations applicable to  aid remote  driving by 
superimposing driving aids  on the TV panorama. 
Remote Driver  a t  the Remote Controller Posit ion while the vehicle is in 
motion. 
These aids  a r e  used by the 
Thc vehicle general  design bascline i s  first established. 
Volume I1 contains four detail.cd t ime line stitdies of portions of the 
Stationary Science Mode, 
continuing i terat ive process  of defining the LRV niission operations procedure,  
g r o uncl e q uipment, an d a dmiiii s t r  ative o r gani zation. 
These studies provide an additional. link in the 
Volumc 111 is mainly conccrned with elevation determination. Some 
Pre l imina ry  e a r l y  unfinished work on Rover Navigation is  a l so  presented. 
e r r o r  curvcs  of Rover position as affected by landmark orientation with 
respcc t  to  LRV path a r e  shown; a lso,  a table rcprescnt ing a par t ia l  com- 
par ison of various navigation schemes is  included. The elevation determina-  
tion methods considered a r e  1) u s e  of the basic L R V  instruments ,  2) addition 
of a ranging Lase r  and precision inclinometer, 3)  tracking an orb i te r  f rom 
the Rover ,  and 4) miscellaneous techniques including a stable platform, on e 
o r  m o r e  s t a r  t r acke r s ,  a s u n  scekcr ,  gyrocompassing, Foucauld pendulum, 
and differential ranging. 
information concerning a var ie ty  of navigation and elcvation detcrmination 
methods to pcrmi t  filtering out of l e s s  a t t ract ive schemes. 
The intent of the volume is  to  provide sufficient 
3 
LUNAR NAVIGATION 
GENERAL 
Preliminary f m c t i n n a l  requi rements  f o r  LRV n a v i g a t i o n  were reviewed by 
Hughes A i r c r a f t  Company. 
g a t i o n a l  Requirements and Opera t ions  Organ iza t ion  were inc luded  i n  t h e  formal  
i s s u e  of  Je t  P ropu l s ion  Labora tory  Document Number 760-42 e n t i t l e d  "LRV Navi- 
g a t i o n  and Guidance Systems Phase A Study Repor t"  d a t e d  15 October  1969, 
S e c t i o n s  V and V I .  
Hughes-recommended Ground Data System F u n c t i o n a l  Navi- 
The Phase B Rover Naviga t ion  Study was f o r m a l l y  i n i t i a t e d  i n  e a r l y  Decern- 
b e r  1969,  and r e p r e s e n t s  approximate ly  t h r e e  (3 )  man-months of  e f f o r t .  F e a s i b l e  
t y p e s  of n a v i g a t i o n a l  computer programs were cons ide red  based on assumed base-  
l i n e  on-board i n s t r u m e n t a t i o n  as  i d e n t i f i e d  i n  JPL Document No. 760-46 d a t e d  
May 1970,  "Operat ions P r o f i l e s  f o r  Lunar Roving Missions" .  The use  of computers  
i n  p r o v i d i n g  o p e r a t i o n a l  a i d s  f o r  n a v i g a t i o n  by  landmark r e c o g n i t i o n  from image, 
laser  r ange ,  and o t h e r  on-board d a t a  was a l s o  cons ide red  and recommendations 
made. 
P r i o r  t o  i n i t i a t i o n  o f  t h e  l u n a r  e l e v a t i o n  d e t e r m i n a t i o n  s t u d y ,  t h e  nav i -  
g a t i o n  of  a n  LRV was cons ide red .  Although it was o r i g i n a l l y  in t ended  t o  p r o v i d e  
a s p e c i f i c  cho ice  f o r  LRV n a v i g a t i o n  on t h e  l u n a r  s u r f a c e ,  J e t  P r o p u l s i o n  Lab- 
o r a t o r y  l a t e r  d e f i n e d  t h e  in t ended  t r a d e o f f s  and t h e i r  c r i t e r i a  o f  a c c u r a c y ,  
t i m e ,  and l i m i t a t i o n  t o  be  beyond t h e  scope  of  t h i s  e f f o r t  and i n s t e a d  d i r e c t e d  
t h a t  t h e  s t u d y  was t o  be  concen t r a t ed  more i n  t h e  a r e a  o f  l u n a r  a l t i t u d e  d e t e r -  
mina t ion .  S p e c i f i c a l l y ,  v e h i c l e  p o s i t i o n  d e t e r m i n a t i o n  i n  s e l e n o g r a p h i c  cocrd-  
i n a t e s  w a s  no t  t o  be  a t t empted .  
INTRODUCTION 
Many aspects of t h e  n a v i g a t i o n  and e l e v a t i o n  d e t e r m i n a t i o n  problems are 
s i m i l a r  i n  t h a t  much of  t h e  p o t e n t i a l  i n s t r u m e n t a t i o n  can  be  a p p l i e d  t o  b o t h .  
The  tvc! prchlems s h ~ ~ l d -  be so lved  as a general n a v i g a t i o n  sys tem.  
Although t h e  p r e s e n t  s t u d y  was concerned main ly  w i t h  e l e v a t i o n  de termina-  
t i o n ,  enough work was done on t h e  h o r i z o n t a l  n a v i g a t i o n  t o  r e a l i z e  what is needed 
f o r  t h a t  p a r t  o f  t h e  system. 
c l e a r l y  seems t h e  way t o  go.  The re fo re ,  t h e  c h o i c e  of methods f o r  e l e v a t i o n  
d e t e r m i n a t i o n  should  be s l a n t e d  toward u s e  of t h e  l o c a l  l u r a i n  u n l e s s  an  a l l -  
around b e t t e r  method can  be  demonst ra ted .  
i n  t h i s  p e r s p e c t i v e .  
Use of  landmark n a v i g a t i o n  f o r  t h e  h o r i z o n t a l  case 
R e s u l t s  of  t h e  s t u d y  should  be viewed 
The LRV n a v i g a t i o n  work invo lved ,  i n  a v e r y  p r e l i m i n a r y  way, f o u r  a s p e c t s :  
( a )  a b r i e f  l i t e r a t u r e  s e a r c h ;  (b)  a review o f  l u n a r  n a v i g a t i o n  computer pro-  
grams; (c) a s t a r t  on a landmark error a n a l y s i s ;  and (d )  p r e l i m i n a r y  comparison 
of  n a v i g a t i o n  methods.  Although t h e s e  e f f o r t s  were abandoned a t  t h e  d i r e c t i o n  
of JPL i n  o r d e r  t o  make t h e  e l e v a t i o n  d e t e r m i n a t i o n  s t u d y ,  t h e  p r e l i m i n a r y  
r e s u l t s  are summarized h e r e .  
LITERATURE REVIEW 
The purpose of  t h e  l i t e r a t u r e  sea rch  was t o  a c q u i r e  background on:  (a) c u r -  
r e n t  r equ i r emen t s  o f  l una r  s c i e n c e  miss ions ;  (b )  landmark n a v i g a t i o n ;  ( c )  g r a v i t y  
g rad iomet ry  and g r a v i t a t i o n  measurements; (d)  l u n a r  g r a v i t a t i o n a l  anomal ies ;  
( e )  modern methods f o r  p r e c i s i o n  measurements; and ( f )  lasers.  
Refe rences  1 through 6 s a t i s f i e d  requi rements  ( a )  and ( b ) .  References  9 
th rough 12 and 14 were used f o r  ( c ) .  References  15 through 19 covered  i t e m  (d) 
a d e q u a t e l y .  Vendor s p e c i f i c a t i o n s  on v a r i o u s  t y p e s  of equipment and miscel- 
laneous  s o u r c e s  such  a s  Reference  2 3 ,  p r i v a t e  communications,  e t c .  provided  
d a t a  on such  matters as ( f o r  example) methods f o r  measuring a d isp lacement  t o  
- 5 -  
0 
10A accuracy .  F i n a l l y ,  i n fo rma t ion  
racgicg a d  hclcgraphy !?htlir?P_d 
Refe rence  20. 
LUNAR NAVIGATION COMPUTER PROGRAMS 
on laser c h a r a c t e r i s t i c s  and laser  uses  f o r  
- f r n m  - " ... Uughes EZP-seerch Labs e t  Malihfl and from 
Four b a s i c  l u n a r  n a v i g a t i o n  methods have been computer programmed and s t u d i e d .  
They a r e :  passive!  nongyro: c e l e s t i a l - i n e r t i a l ;  RF ranging., and landmark nav i -  
g a t i o n .  
The f i r s t  t h r e e  t echn iques  have been s t u d i e d  e x t e n s i v e l y  by Bendix under 
c o n t r a c t  (Reference  1 )  t o  NASA. The Bendix s t u d y  c o n s i s t e d  of a computer ized 
e r r o r  a n a l y s i s  i n c l u d i n g  t h e  e r r o r s  a s s o c i a t e d  w i t h  i n i t i a l  p o s i t i o n  f i x ,  dead-  
r eckon ing  and p i l o t i n g .  The programs a l s o  accommodate r ang ing ,  dopp le r  and 
a n g l e  r e f e r e n c e  in fo rma t ion  i n p u t s  from l u n a r  o r b i t i n g  s a t e l l i t e s .  The computer 
program i s  c o n v e n i e n t l y  modular ized.  
I n p u t s  t o  t h e  program c o n s i s t  of  a l l  conce ivab le  e r r o r  sou rces  a f f l i c t i n g  
t h e  p a r t i c u l a r  n a v i g a t i o n  method. These i n c l u d e  e r r o r s  i n  t h e  a p p r o p r i a t e  
n a v i g a t i a n  i n s t r u m e n t s ,  ephemeris  e r r o r s ,  l o c a l  v e r t i c a l  anomal i e s ,  computat ion 
e r r o r s ,  wheel s l i p p a g e  and a l t i t u d e  v a r i a t i o n s .  
The o u t p u t  i s  p o s i t i o n  e r r o r  i n  se l enograph ic  c o o r d i n a t e s  as f u n c t i o n s  of  
t h e  i n p u t  e r r o r s .  P o s i t i o n  e r r o r  e l l i p s o i d s  can  be  c o n s t r u c t e d  from t h e  o u t p u t .  
The program is  comprehensive and r a t h e r  e l a b o r a t e ,  i nvo lv ing  some 280 
primary e q u a t i o n s .  E r r o r s  i n  t h e  v a r i o u s  n a v i g a t i o n  systems are summarized i n  
Refe rence  25.  
The appa ren t  complexi ty  is due t o  t h e  i n c l u s i o n  o f  n e a r l y  t h e  whole gamut 
of n a v i g a t i o n  in s t rumen t s  as a l t e r n a t i v e s .  However, t h e  modu la r i za t ion  f e a t u r e  
should  p e r m i t  real-time use  of t h e  program f o r  a p a r t i c u l a r  v e h i c l e .  T h i s  i s  
because  o n l y  t h o s e  modules i n  t h e  program concerned w i t h  t h e  necessa ry  i n s t r u -  
men ta t ion  f o r  a p a r t i c u l a r  n a v i g a t i o n  sys tem need be  u t i l i z e d .  For example,  i t  
- 6 -  
shou ld  be  f e a s i b l e  t o  combine t h e  i n i t i a l  f i x  and dead reckoning  modules of  
t h a t  program with a n  independen t ly  developed program f o r  landmark n a v i g a t i o n  
t o  o b t a i n  v e h i c l e  p o s i t i o n  u n c e r t a i n t y  due  t o  a l l  c a u s e s .  
The fnlrrth method, Izndmark n a v i g a t i o n ,  was the suhjent of the Hughes 
S tudy .  It was programmed f o r  t h e  GE 635 computer.  The o b j e c t i v e s  of t h e  
s t u d y  were expec ted  t o  show v e h i c l e  p o s i t i o n  u n c e r t a i n t y  as r e l a t e d  t o  
(1) o r i e n t a t i o n  of landmarks r e  v e h i c l e  p a t h ,  (2)  number of  f i x e s  on a p a r t i -  
c u l a r  landmark, ( 3 )  number of landmarks,  ( 4 )  optimum s t e p  l e n g t h ,  and (5)  
i n i t i a l  f i x ,  odometer and b e a r i n g  ang le  e r r o r s .  
LRV NAVIGATION PROCEDURE 
Because of  t h e  JPL exper iments  on landmark n a v i g a t i o n  i n  t h e  l o c a l  d e s e r t  
and t h e i r  i n t e r e s t  i n  t h i s  scheme when combined w i t h  dead reckoning  as a pr imary  
n a v i g a t i o n  updat ing  method, a b r i e f  look was t a k e n  a t  t h e  t echn ique .  
The p r i n c i p a l  c o n c l u s i o n  reached  was t h a t  n a v i g a t i o n  accuracy  depends 
h e a v i l y  on p o s i t i o n  ( o r i e n t a t i o n  and d i s t a n c e )  of t h e  landmark w i t h  r e s p e c t  to  
t h e  v e h i c l e  p a t h .  
R e f e r r i n g  t o  t h e  F i g .  i n  Case 1, t h e  LRV t r a v e l s  from a known p o s i t i o n  vo a l o n g  
t h e  pa th  v v wi th  a s t o p  a t  v Angle o r i e n t a t i o n s  of  landmark A wi th  r e s p e c t  
t o  t h e  d e s i r e d  v e h i c l e  pa th  a re  measured a t  v and v Di s t ance  C i s  assumed 
t o  be  o b t a i n e d  from dead reckoning ,  based on odometer and d i r e c t i o n a l  gyro  
i n f o r m a t i o n .  Dead reckoning  p robab le  e r r o r s  on C c a n  be  ob ta ined  from t h e  
Bendix computer program. It is  assumed t h a t  landmark d i s t a n c e s  are i n i t i a l l y  
unknown. 
0 1  1' 
0 1' 1 
1 
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Case 1. S i n g l e  Landmark, One S t g - .  
Solv ing  t r i a n g l e  vOvlA us ing  measured ang le s  a and 8, (2 Aal, + A B , )  1 
and 
The 
measured d i s t a n c e  C. + AC;, 
1 -  
A 
1 C s i n  a 1 a =  
1 1 s i n  y 
1 C s i n  $ 1 b =  
1 1 s i n  y 
RSS e r r o r s  i n  a and b a r e  1 1 
h 
( 3 )  
na,  s i n  y = [ ( s i n  alae) 2 + (c l  cos a l ~ a l )  2 +(c l  s i n  u c o t  y l ~ y l ) 2 1  .
1 1 
h 
( 4 )  
Ab s i n  y1 = ((AC s i n  8,) 2 +(C1 cos @,ABl )  2 +(C1 s i n  6, c o t  Y1AYl)2] 
1 
where 
= TT - il. - 8,  and Ayl = -Aa - A B , .  Y1 1 1 
But s i n c e  Aa and AB are  independent  measurements,  1 1 
?i 
1 = ( E 1 2  + G 1 2 )  . 
I f  Aal i n c l u d e s  on ly  t h e  a c t u a l  e r r o r s  of angu la r  measurement and no t  
t h e  i n t e g r a t e d  azimuth ( o r  ave rage  heading) e r r o r  d u r i n g  t h e  s t e p ,  t hen  t h e  
e r r o r  e l l i p s e  a t  t h e  end of S t e p  1 i s  g iven  by Aa and by t h e  odometer e r r o r ,  
assuming e x a c t  knowledge of vo p o s i t i o n .  
1 
Landmark A p o s i t i o n  w i t h  respect t o  t h e  LRV i s  then  known from Ab 
1 
and bAul (where al does - no t  i n c l u d e  heading e r r o r ) .  
( 5 )  
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The cu rves  of F igu res  1 through 4 were o b t a i n e d  from s o l u t i o n s  of  Eqs.  ( 1 )  
th rough ( 4 )  f o r  t h e  case of one landmark and one s t e p .  They i n d i c a t e :  
( a )  I n i t i a l  b e a r i n g  a n g l e  should be s m a l l .  
( b )  
( c )  P o s i t i o n  error v a r i e s  f a i r l y  l i n e a r l y  wi th  s t e p  l e n g t h .  
(d)  Optimum y = 90'. 
The second b e a r i n g  angle  shou ld  be g r e a t e r  t han  90'. 
The cases of two o r  more landmarks,  two o r  more s t e p s  e t c . ,  were n o t  s t u d i e d .  
T e n t a t i v e  conc lus ions  from t h e  curves  a re :  (1) landmarks should  be  chosen 
t o  f a l l  w i t h i n  a n  a n g l e  U 
is  d e s i r a b l e  t o  p a s s  by t h e  landmark, i . e . ,  m a i n t a i n  the  ave rage  b e a r i n g  as 
n e a r l y  a-beam as p o s s i b l e .  Add i t iona l  comments are:  
of 5 60' t o  t h e  d e s i r e d  pa th  of  t h e  LRV,and ( 2 )  i t  1 
1. Landmark n a v i g a t i o n  g e n e r a l l y  appea r s  capab le  of  r e s t r i c t i n g  dead 
r eckon ing  e r r o r s .  
2 .  Depending on angu la r  e r r o r s ,  and on p o s i t i o n  of  landmarks,  
l a r g e  odometer e r r o r s  could  a c t u a l l y  be r educed .  Likewise l a t e r a l  e r r o r s  
can  be  reduced t o  v a l u e s  comparable wi th  i n - t r a c k  e r r o r s .  
3 .  Accuracy of  landmark n a v i g a t i o n  may b e  l i m i t e d  by an  a s  y e t  undet -  
ermined d i s t r i b u t i o n  o f  s u i t a b l e  landmarks w i t h  respect t o  t h e  v e h i c l e  t r a c k .  
4 .  An a t t r a c t i v e  f e a t u r e  of landmark n a v i g a t i o n  i s  t h a t  t h e  n e c e s s a r y  
e lementary  computat ions can  e a s i l y  be  performed on t h e  v e h i c l e .  The o n l y  i n p u t s  
t o  t h e  computer would be  odometer r ead ing  and TV p o i n t i n g  a n g l e  w i t h  r e s p e c t  t o  
a r e f e r e n c e  d i r e c t i o n .  
To judge  f e a s i b i l i t y  o f  landmark n a v i g a t i o n ,  t h e  fo l lowing  work needs t o  
be  done .  
( a )  Use Equat ions  o f  t ype  (3)  and ( 4 )  t o  l i m i t  landmark o r i e n t a t i o n s ,  
as s p e c i f i e d  by a and p,  t o  t hose  provid ing  e r r o r s  comparable w i t h  odometer 
e r r o r s .  The l i m i t s  w i l l  be  f u n c t i o n s  of measurement e r r o r s .  
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( b )  Inc lude  i n  ( a )  t h e  s p e c i a l  c a s e  of y n e a r  0 and 180'. 
( c )  I n c l u d e  i n  (a) the e f f e c t  of approximate i n i t i a l  knowledge. nf 
d i s t a n c e  t o  landmarks (from maps). 
( d )  The  ncruracy with w h i c h  a TV camera can he p o i ~ t e d  tnward land-  
marks i s  open t o  q u e s t i o n  because  of vary ing  appearance  of c e r t a i n  t y p e s  of 
landmarks a s  viewed from d i f f e r e n t  p o s i t i o n s .  Some e f f o r t  needs t o  be devoted  
t o  t h i s  q u e s t i o n .  
( e )  Optimize t h e  f requency  of upda t ing  p o s i t i o n .  
( f )  I n  o r d e r  t o  choose between t h e  numerous n a v i g a t i o n  methods, a 
r a t h e r  d e t a i l e d  b l o c k  diagram o f  each method i n c l u d i n g  a m p l i f i e r s ,  g u l t i p l i e r s ,  
e t c .  w i l l  be r e q u i r e d .  This  is necessa ry  t o  e s t i m a t e  r e l a t i v e  complex i ty ,  
r e l i a b i l i t y ,  t e l e m e t e r i n g  requi rements  and o p e r a t i o n a l  problems.  
T h e  f i n a l  r e s u l t  could be  i n  t h e  form o f  a m a t r i x  i n  which a l l  of t h e  
n a v i g a t i o n  methods c a n  b e  compared from any d e s i r e d  p o i n t  of view such as 
accuracy ,  s e n s i t i v i t y  t o  f a i l u r e s ,  c o s t ,  we igh t ,  need f o r  redundancy,  e t c .  
Comparison of Nav iga t ion  Schemes 
A comparison of n a v i g a t i o n  schemes was s t a r t e d ,  t h e  i d e a  be ing  t o  
show t h e  in s t rumen t s  necessa ry  f o r  each n a v i g a t i o n  method so  t h a t  comparisons 
cou ld  be made c o n v e n i e n t l y  from many p o i n t s  o f  view,  such a s  accu racy ,  complex- 
i t y ,  o p e r a t i o n s ,  e t c .  (see Table  I ) .  
I n  t h e  Table ,  an  "XI' mark means t h a t  a p a r t i c u l a r  i n s t rumen t  i s  
r e q u i r e d  f o r  t h e  i n d i c a t e d  n a v i g a t i o n  scheme. 
ment i s  n o t  needed.  The "or" under sun s e n s o r  means e i t h e r  a sun  s e n s o r  o r  
An "0" mark means t h e  i n s t r u -  
an  e a r t h  t r a c k e r  can be  used .  
The Table  does not  exhause t h e  v a r i e t y  of n a v i g a t i o n  schemes. 
F i g u r e  5 shows d i s t a n c e  t o  t h e  l u n a r  ho r i zon  a f u n c t i o n  o f  a l t i t u d e .  
The cu rves  a r e  inc luded  f o r  qu ick  r e f e r e n c e  because  of t h e  widespread  tendency 
t o  u n d e r e s t i m a t e  d i s t a n c e  t o  t h e  luna r  h o r i z o n .  
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LUNAR ELEVATION DETERHINATION 
GENERAL 
The purpose of t h i s  p a r t  of t h e  Lunar Rover s t u d y  i s  t o  d e v i s e  methods 
f o r  d e t e r m i n a t i o n  o f  l u n a r  e l e v a t i o n  and t o  roughly  o u t l i n e  t h e i r  implementa t ion .  
Simply s t a t e d ,  t h e  e l e v a t i o n  d e t e r m i n a t i o n  problem c o n s i s t s  o f  matching 
s t a t e - o f - t h e - a r t  i n s t r u m e n t a t i o n  w i t h  r e l a t i v e  and a b s o l u t e  e l e v a t i o n  accu racy  
r equ i r emen t s  a s  e s t a b l i s h e d  by g e o l o g i s t s .  E l e v a t i o n  accu racy  r equ i r emen t s  w i l l  
be  i n f l u e n c e d  g r e a t l y  by c o s t  and r e l i a b i l i t y  of t h e  equipment .  The problem has 
been d i v i d e d  i n t o  two p a r t s  - -  r e l a t i v e  and a b s o l u t e  e l e v a t i o n  d e t e r m i n a t i o n .  
The accu racy  of two b a s i c  r e l a t i v e  e l e v a t i o n  d e t e r m i n a t i o n  methods h a s  been 
c a l c u l a t e d  i n  a form such t h a t  t r a d e o f f s  can be  made between ins t rumen t  accu racy  
and e l e v a t i o n  accu racy .  One method u t i l i z e s  merely t h o s e  in s t rumen t s  needed on 
t h e  Rover f o r  o t h e r  purposes ;  i . e . ,  a TV o r  f a c s i m i l e  camera, a s imple  i n c l i n o -  
meter and odometer ,  and a r e l a t i v e l y  i n a c c u r a t e  ce les t ia l  s e n s i n g  i n s t r u m e n t .  
The second method i n c l u d e s  a p r e c i s i o n  i n c l i n o m e t e r  and an  0.1% rang ing  
d e v i c e  such  a s  a l a s e r  o r  dopp le r  r a d a r .  T h i s  method is c a p a b l e  of propagat -  
i n g  a benchmark a l t i t u d e  a d i s t a n c e  of 30 Km w i t h  an  accu racy  c o n s i d e r a b l y  
b e t t e r  t han  10 meters ( s e e  F i g u r e  8 ) .  
P r a c t i c a l  m a t t e r s  may p rec lude  achievement of s i g n i f i c a n t l y  b e t t e r  
a c c u r a c i e s ,  e . g . ,  a 3 s e c .  i nc l inomete r  accu racy  i m p l i e s  t h a t  one s i d e  o r  end n 
of t h e  v e h i c l e  must n o t  s e t t l e  i n t o  the sand more than  0.001 inch  d u r i n g  a 
mea s u r  eme n t . 
RELATIVE ELEVATION 
R e l a t i v e  e l e v a t i o n  i s  t h e  d i f f e r e n c e  i n  e l e v a t i o n  between a l o c a t i o n  and 
some a r b i t r a r y  benchmark r e f e r e n c e  l o c a t i o n .  A Lunar Rover can p ropaga te  t h i s  
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t h i s  benchmark elevation by d i s t a n c e  measurement, and by u s e  of t h e  l o c a l  c o r r e c t e d  
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anomal ies  can  be  d e t e c t e d  by use  of t h i s  method. 
W L L I I  ~ U L  L i C i e i r  L l j i  a L C u L a L C :  i i i s L L  U i i i c u L a L I u i i  , LsL L a i i i  5 L  a v  A c a  c A u u a ?  
piany meiilods iile av.aila'jle for - - 7  -A:--- - l - - - - ~ z - -  i i - . . - l  1. bh- 
L C L d L I V t :  C L C V a L L U l l .  U J U a A A y  C I I S  
t i m e  r e q u i r e d  t o  make a measurement, i n a c c u r a c i e s  of t h e  necessa ry  in s t rumen t -  
a t i o n ,  o p e r a t i o n a l  complexi ty ,  and c o s t  i n c r e a s e  r a p i d l y  w i t h  t h e  r e q u i r e d  
p r e c i s i o n .  
A v a r i e t y  of methods is  o u t l i n e d  below, w i t h  expec ted  accuracy  and a b r i e f  
d e s c r i p t i o n  of each .  A c t u a l l y ,  much of t h e  i n s t r u m e n t a t i o n  used i n  measuring 
r e l a t i v e  elevation i s  e i t h e r  n e c e s s a r y  o r  u s e f u l  f o r  n a v i g a t i o n  o f  t h e  Rover .  
I n s t r u m e n t a t i o n  f o r  a c c u r a t e  r e l a t i v e  e l e v a t i o n  d e t e r m i n a t i o n  can b e  used t o  
p rov ide  comparably a c c u r a t e  r e l a t i v e  (and i n  some methods, a b s o l u t e )  p o s i t i o n  
d e t e r m i n a t i o n .  
Method No. 1. Bas ic  LRV Ins t ruments  
Presumably t h e  Rover w i l l  be equipped w i t h  a TV o r  FAX Camera, a 
2 - a x i s  i n c l i n o m e t e r ,  an odometer ,  a c e l e s t i a l  s i g h t i n g  d e v i c e  and, f o r  low 
l a t i t u d e  e x p e d i t i o n s ,  a d i r e c t i o n a l  gyro. 
With t h e s e  i n s t r u m e n t s ,  r e l a t i v e  e l e v a t i o n  can  b e  ob ta ined  by n o t i n g  
t h e  e l e v a t i o n  a n g l e ,  8 ,  of an obse rvab le  a s  viewed by the  camera r e f e r e n c e d  t o  
t h e  i n c l i n o m e t e r .  Range, r ,  t o  t h e  obse rvab le  is a l s o  n e c e s s a r y  and can  be 
ob ta ined  from t h e  odometer e i t h e r  by d i r e c t  measurement o r  by t r i a n g u l a t i o n  
i n  a h o r i z o n t a l  p l ane  u s i n g  t h e  azimuth a t t i t u d e  r e f e r e n c e  ( e . g .  sun  s e e k e r  o r  
g y r o ) .  The e r r o r  i n  r e l a t i v e  a l t i t u d e  is 
-2 -2 -2 Ah = rA8 + 8Ar A h o B s  ERVAB LE (1 )  
/ e  J 
HOR I ZO N TA L 
F i g u r e  6 i s  a p l o t  of t h e  above r e l a t i o n .  The u n c e r t a i n t y  i n . 8  is 
caused by camera n o n l i n e a r i t y  and image c e n t e r i n g ,  and by i n c l i n o m e t e r  e r r o r  
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f o r  t h i s  method. A p r e c i s i o n  l i m i t i n g  f a c t o r  i s  an e f f e c t i v e  0 e r r o r  caused 
main ly  by t h e  u n c e r t a i n t y  i n  e l e v a t i o n  a n g l e  t o  t h e  a c t u a l  p o i n t  t o  which r ange  
is be ing  measured. 
The  cu rves  i n d i c a t e  t h a t  a t  ranges less than  20 km f o r  a 10-20 meter  
r e l a t i v e  a l t i t u d e  e r r o r  of a s i n g l e  measurement: ( a )  e l e v a t i o n  a n g l e  u n c e r t a i n t y  
w i t h  r e s p e c t  t o  " l o c a l  v e r t i c a l ' '  should n o t  exceed 0 . 1  
v a t i o n  a n g l e ;  (b)  r ange  accuracy  need be no b e t t e r  t han  1%. Also ,  t h e  c u r v e s  
show t h a t  l a r g e r  e l e v a t i o n  a n g l e s  cause l a r g e r  a l t i t u d e  e r r o r s  f o r  t h e  same 
range .  However, a series of e l e v a t i o n  a n g l e  r e a d i n g s  t aken  on t h e  same obse rv -  
a b l e  a s  t h e  Rover pas ses  by i t  may reduce t h i s  e r r o r .  
0 f o r  an 0 . 1  r a d i a n  ele- 
It i s  p r e f e r a b l e  t h a t  n e i t h e r  of  t h e  e r r o r  components i n  Equat ion  (1)  
dominate  t h e  o t h e r .  Hence, 
rA8 8Ar = 8 k r  
o r  
where k i s  t h e  f r a c t i o n  e r r o r  i n  measuring r a n g e .  The r e l a t i o n  ( F i g u r e  7) shows, 
f o r  example, t h a t  t h e r e  i s  no need t o  use b e t t e r  than  a 2% rang ing  d e v i c e  i f  t h e  
e f f e c t i v e  e l e v a t i o n  measurement e r r o r  exceeds 0 . 1  . 0 
To o b t a i n  a n  i d e a  of ach ievab le  a c c u r a c i e s  w i t h  t h i s  equipment ,  n o t e  
0 t h a t  t h e  TV camera accuracy  i s  expected t o  be between 0.02 and 0 . l o .  Most 
i n c l i n o m e t e r s  are  a c c u r a t e  t o  0 . 1  over s m a l l  a n g l e s ,  and t h e  odometer e r r o r  
may exceed 1% under c e r t a i n  c i r cums tances .  
0 
A l t i t u d e  e r r o r  p ropaga t ion  d u e  t o  s u c c e s s i v e  a l t i t u d e  measurements 
a t  c o n s t a n t  range  t o  t h e  obse rvab le  i s  d i s c u s s e d  i n  Appendix B .  
The landmark n a v i g a t i o n  method, a p p l i e d  i n  a v e r t i c a l  p l a n e ,  is impl ied  
i n  Method No. 1. 
e c t i o n  of t h e  s i g h t e d  p o i n t ,  no t  n e c e s s a r i l y  t o  r e a c h  i t .  
It i s  necessa ry  on ly  t o  move some d i s t a n c e  i n  t h e  g e n e r a l  d i r -  
A t r u e  e l e v a t i o n  
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r e a d i n g  of t h e  o b s e r v a b l e ,  t aken  a t  each of two v e h i c l e  l o c a t i o n s ,  t o g e t h e r  
w i t h  t h e  odometer r e a d i n g ,  de t e rmines  v e h i c l e  change i n  a l t i t u d e  between t h e  
two p o s i t i o n s ,  and a l t i t u d e  o f  t h e  obse rvab le  w i t h  r e s p e c t  t o  t h e  two v e h i c l e  
p o s i t i o n s .  
measur ing  a c c u r a c i e s  and ,  i n  a complicated manner, on o r i e n t a t i o n  of t h e  s i g h t e d  
p o i n t  w i t h  respect t o  t h e  v e h i c l e  pa th .  
Accuracy of t h i s  method depends on e l e v a t i o n  a n g l e  and d i s t a n c e  
Method No. 2 .  I n c l i n o m e t e r  Upgrading & Addi t ion  of S p e c i a l  Range F inde r  
F igu re  8 is  F i g u r e  6 on a n  expanded s c a l e .  The cu rves  show ( a )  a 
10-meter  r e l a t i v e  a l t i t u d e  e r r o r  requirement  can be m e t  f o r  ranges  up t o  30 Km 
and e l e v a t i o n  a n g l e s  up t o  0 . 2  r a d i a n s  w i t h  a r ang ing  accu racy  o f  0 .1% and 
e l e v a t i o n  a n g l e  a c c u r a t e  t o  1 min . ,  (b)  l i t t l e  improvement i n  a l t i t u d e  accu racy  
n 
r e su l t s  from a range accuracy  b e t t e r  than 0.1%) (c)  an  a n g u l a r  e l e v a t i o n  i n c r e a s e  
from 0 . 1  t o  0 . 2  r a d i a n s  i n c r e a s e s  a l t i t u d e  u n c e r t a i n t y  by 15%, (d)  a one-meter 
r e l a t i v e  a l t i t u d e  accu racy  imposes, for  example, t h e  s t r i n g e n t  combinat ion o f  
r equ i r emen t s :  
r C 15Km 
0 2 0 . 1  Rad. 
n 
A @  2 10 Sec .  
A r  2 0.05% 
( e >  t h e  i n s t r u m e n t a t i o n  of Method No. 1 must be improved t o  o b t a i n  t h i s  p r e c i s i o n .  
Addi t ion  of  a s p e c i a l  r ange f inde r  such  a s  a laser o r  perhaps a n  RF 
dopp le r  r ang ing  d e v i c e  is n e c e s s a r y  t o  m e e t  a 1-10 meter accuracy  requirement:. 
A l so ,  a p r e c i s i o n  2 -ax i s  i nc l inomete r  o r  l e v e l  mus t  be inc luded  i n  t h e  in s t rumen t  
package. This i s  a b a s i c  i n s t r u m e n t a t i o n  requi rement  f o r  p r e c i s i o n  a l t i t u d e  
d e t e r m i n a t i o n .  
Lase r  development has  progressed s u f f i c i e n t l y  t o  s e r i o u s l y  c o n s i d e r  
i t s  u s e  on an  advanced Lunar Rover. Cons ider ,  f o r  example, a laser w i t h  t h e  
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c h a r a c t e r ' i s t i c s  summarized i n  Table  1, Appendix A.  
development by RCA f o r  u s e  on a Lunar O r b i t e r .  
i n  less t h a n  two y e a r s .  
t h e  weight  of t h e  laser could be  reduced t o  less t h a n  30 l b s .  and t h e  ave rage  
power t o  less t h a n  10 w a t t s .  A c t u a l l y ,  power i s  needed on ly  d u r i n g  t h e  few 
seconds t aken  t o  make a n  a c t u a l  range  measurement. N e i t h e r  s t andby  power nor  
warmup p e r i o d  i s  needed.  
A comparable laser is under 
It i s  planned t o  be  o p e r a t i o n a l  
For  landmark ranging  purposes  up t o  a range  of 30 km, 
T i m e  h a s  no t  p e r m i t t e d  i n v e s t i g a t i o n  of  t h e  c h a r a c t e r i s t i c s  o f  
n i n c l i n o m e t e r s  i n  t h e  20-60 sec.  accuracy  r e g i o n .  I n  t h e i r  Lunar Rover v e h i c l e  
d e s i g n  s t u d y ,  Bendix mentions a 2 -ax i s  i n c l i n o m e t e r  a c c u r a t e  t o  1 min. Very 
a c c u r a t e  i n c l i n o m e t e r s  can  b e  c o n s t r u c t e d  as evidenced by t h e  < 0.001 sec. 
in s t rumen t  b u i l t  by Hughes Research Labs. 
e 
ALTERNATIVE TECHNIQUES FOR METHODS NO. 1 AND NO. 2 
These two r e l a t i v e  a l t i t u d e  measuring methods use  t h e  same p r i n c i p l e s  o f  
( a )  e s t a b l i s h i n g  l o c a l  v e r t i c a l ,  (b)  measuring e l e v a t i o n  a n g l e  of  a n  observ-  
a b l e  w i t h  r e s p e c t  t o  t h e  l o c a l  h o r i z o n t a l ,  and ( c )  measuring a d i s t a n c e  ( e i t h e r  
t o  t h e  o b s e r v a b l e  o r  t h a t  t r a v e l l e d  by t h e  Rover) .  Techniques o t h e r  than  those  
a l r e a d y  cons ide red  are a v a i l a b l e  f o r  performing t h i s  procedure  and w i l l  now be  
d i s c u s s e d .  
I n e r t i a l  P l a t f o r m  
An i n e r t i a l  p l a t f o r m  may be  s u b s t i t u t e d  f o r  t h e  p r e c i s i o n  i n c l i n o m e t e r  
and d i s t a n c e  measuring d e v i c e .  A s t a r  t r a c k e r  ( o r  sun  s e n s o r ) ,  t h r e e  p r e c i s i o n  
a c c e l e r o m e t e r s  and t h r e e  gyros  would be used wi th  a three-g imbal  p l a t f o r m  t o  
p rov ide  i n i t i a l  a l ignment  t o  de te rmine  t r u e  North ( i . e .  t h e  d i r e c t i o n  p a r a l l e l  
w i t h  t h e  moon's s p i n  a x i s ) ,  and t o  ma in ta in  l o c a l  h o r i z o n t a l .  
Advantages of t h e  p l a t f o r m  are :  (1)  The acce le romete r s  , i f  of  t h e  
doub le  i n t e g r a t i n g  t y p e ,  p rovide  d i s t a n c e  t r a v e l l e d  and change i n  a l t i t u d e .  
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T h e  l a t t e r  measurement i s ,  however, not a c c u r a t e  enough f o r  our  pu rposes .  
( 2 )  A v e r y  a c c u r a t e  l o c a l  v e r t i c a l  i s  ma in ta ined  f o r  s e v e r a l  hours  of t r a v e l .  
( 3 )  A p r e c i s i o n  r e f e r e n c e  d i r e c t i o n  is h e l d  f o r  many hour s .  ( 4 )  Accuracy of 
s t a b l e  p l a t f o r m s  i n  ma in ta in ing  l o c a l  v e r t i c a l  and d i r e c t i o n  i s  adequa te  f o r  
any f o r e s e e a b l e  a l t i t u d e  measuring requi rements .  For  example, 0 .1  p e r  hour 
gyros  on a c l o s e d  loop  s t a b l e  p l a t fo rm are q u i t e  adequa te  f o r  purposes  o f  
i n i t i a l  a l ignment  and maintenance of l o c a l  h o r i z o n t a l  and heading  r e f e r e n c e .  
Also, t h e  l o n g i t u d i n a l  and l a t e r a l  acce le romete r s  would r e p l a c e  t h e  odometer 
i n  a d d i t i o n  t o  measuring d i s t a n c e  t r a v e l l e d  i n  a d i r e c t i o n  p e r p e n d i c u l a r  t o  
t h e  r e f e r e n c e  heading .  
e r r o r  ra te  of 60 m t r s / h r .  Ne i the r  t h e  0 .1  d e g / h r  gyro nor t h e  10 g a c c e l e r o -  
meter  would be c l a s s e d  a s  r e a l l y  p r e c i s i o n  i n s t r u m e n t s .  (Hughes i s  deveioping  
a nano-g acce le romete r  .) 
0 
- 6  acce le romete r  can  r e s u l t  i n  a maximum A lo g ( e a r t h )  
-6  
Disadvantages of an  i n e r t i a l  p l a t f o r m  a r e :  (1)  R e l a t i v e  a l t i t u d e  
p robab ly  cannot  be  o b t a i n e d  w i t h  s u f f i c i e n t  accu racy  from t h e  v e r t i c a l  a c c e l -  
erorneter .  For example, a p r e c i s i o n  acce le romete r  (10 g 
s e n s e  a n  a l t i t u d e  e r r o r  r a t e  of 7 mete r s /hour .  The re fo re ,  a landmark s i g h t i n g  
in s t rumen t  w i l l  be  n e c e s s a r y .  To be c o n s i s t e n t  w i t h  t h e  accuracy  of t h e  p l a t -  
form i n  e s t a b l i s h i n g  l o c a l  h o r i z o n t a l ,  t h e  s i g h t i n g  in s t rumen t  arrangement  
m u s t  be v e r y  a c c u r a t e  i n  s e n s i n g  t h e  e l e v a t i o n  a n g l e  of t h e  o b s e r v a b l e ,  e . g . ,  
perhaps  a l a s e r .  But i f  a l a s e r  o r  o the r  i n s t rumen t  of e q u i v a l e n t  accu racy  i s  
needed w i t h  t h e  p l a t f o r m ,  t h e  p la t form might a s  w e l l  be r e p l a c e d  w i t h  a n  i n c l i -  
nometer f o r  t h i s  purpose.  ( 2 )  Use of a d e v i c e  a s  complex a s  an i n e r t i a l  p l a t -  
form i n  t h e s e  c o n d i t i o n s  i s  r a t h e r  f r i g h t e n i n g .  O p e r a t i o n a l  problems such as 
t e m p e r a t u r e  c o n t r o l ,  checkou t ,  remote a l ignmen t ,  t i m e  f o r  a l ignmen t ,  r e l i a b i l i t y  
f o r  one y e a r  of o p e r a t i o n ,  e t c . ,  would be  v e r y  s e r i o u s .  (3 )  Pla t fo rms  a r e  
expens ive .  ( 4 )  F i n a l l y ,  p l a t fo rms  a re  des igned  p r i n c i p a l l y  f o r  r a p i d l y  moving 
- 7  w i l l  b a r e l y  ( e a r t h )  
r e f e r e n c e  s y s t e m s  - -  n o t  f o r  u se  on  very slow moving v e h i c l e s  l i k e  o x c a r t s .  
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C h a r a c t e r i s t i c s  and t h e  t h e o r y  o f  ope ra t ion  o f  i n e r t i a l  p l a t fo rms  can  be  o b t a i n e d  
from many vendors  such  a s  Minneapolis-Honeywell ,  L i t t o n ,  K e a r f o t t  and Bendix.  
The t h e o r y  i s  thoroughly  developed i n  Reference  2 7 .  
Sun Seeker  P lus  S t a r  Tracker  
Another t echn ique  i s  t o  u s e  the  e q u i v a l e n t  of  a t h e o d o l i t e  ( o r  sun 
s e n s o r ) .  I f  l a t i t u d e  and l o n g i t u d e  a r e  known w i t h  r e a s o n a b l e  accu racy ,  l o c a l  
l u n a r  t i m e  i s  s u f f i c i e n t ,  w i th  one s t a r  s i g h t i n g ,  t o  e s t a b l i s h  s e l e n o c e n t r i c  
v e r t i c a l ;  i . e . ,  w i t h  r e s p e c t  t o  some "geometric" l u n a r  c e n t e r .  The RSS e r r o r ,  
8 ,  i n  l o c a l  h o r i z o n t a l  would be 
where L and L2 a r e  l a t i t u d e  and long i tude  u n c e r t a i n t i e s  and 6 i s  t h e  s i g h t i n g  
e r r o r .  For example, i f  t h e  TV camera is used a s  a t h e o d o l i t e  wi th  a n  e r r o r  o f  
1 
0 
0.0s and L1 = L2 = 1 km 
2 2 2 %  
e = [(&) + (A) + (s) ] = 0.0012 r a d .  (0.068'), 
where t h e  camera c o n t r i b u t e s  a l i t t l e  more e r r o r  than  t h e  l a t i t u d e  and l o n g i -  
tude  e r r o r s  t o g e t h e r ,  under t h e s e  assumptions.  The accuracy  of t h i s  method 
depends on n a v i g a t i o n  accu racy .  It should be  noted t h a t  most r e l a t i v e  e l e v a t i o n  
d e t e r m i n a t i o n  schemes are e q u a l l y  a p p l i c a b l e  t o  t h e  l o c a l  n a v i g a t i o n  problem. 
S t a r  Seeke r s  
A m o d i f i c a t i o n  o f  t h e  previous.  t echn ique  i s  t o  employ t h r e e  s t a r  
s e e k e r s .  The procedure would be  t o  ineastire e l e v a t i o n  and azimuth a n g l e s  t o  
t h r e e  s t a r s .  The s t a r s  should  b e  o r i e n t e d  t o  form a t r i a n g l e ,  each s t a r  s e p a r a t e d  
from t h e  o t h e r  two by a t  least  30' t o  minimize e r r o r s .  
o b t a i n e d  by t h i s  method is  
E r r o r  i n  Rover e l e v a t i o n  
- 26 - 
Ah >_ rAQ 
where r = l u n a r  r a d i u s  and A @  = e r r o r  i n  a n g l e  measurement. 
This  method impl i e s  t h e  use  of a gyro o r  TV s t a r  p i c t u r e  f o r  heading  
r e f e r e n c e  t o  ass i s t  i n  s t a r  l o c a t i o n .  
A l t e r n a t i v e l y ,  a s t a r  comparator could  r e p l a c e  t h e  t h r e e  s tar  s e e k e r s .  
A s t a r  comparator  is  a d e v i c e  t h a t  matches magnitude and r e l a t ive  o r i e n t a t i o n s  
of t h e  s tars  i n  an  observed f i e l d  of  s t a r s  w i t h  a r e f e r e n c e  f i e l d .  The d e v i c e  
h a s  been  b u i l t ,  b u t  c u r r e n t  s t a t u s  h a s  n o t  been a s c e r t a i n e d .  
Foucau l t  Pendulum and Gyrocompassing 
F i n a l l y  t h e r e  are  two r e l a t e d  and r a t h e r  " f a r  ou t "  v e r s i o n s  of methods 
N o .  1 and No. 2 .  They a r e  gyrocompassing and t h e  Foucau l t  pendulum, o r  Foucau l t  
gy ro .  Gyrocompassing may be cons idered  a s  t h e  damping o f  a Foucau l t  gyro .  A 
Foucau l t  gyro  is e s s e n t i a l l y  a h o r i z o n t a l  pendulum. Rover e l e v a t i o n  could  
t h e o r e t i c a l l y  be  measured as sugges ted  by Save t  ( R e f .  7 )  e i t h e r  by measuring 
t h e  p e r i o d  of  t h e  undamped pendulum o r  t h e  d isp lacement  of  t h e  damped pendulum. 
Both depend on l o c a l  g r a v i t y .  The fo l lowing  c a l c u l a t i o n  i n d i c a t e s  t h e  d i f f i c u l t i e s  
t h a t  would be  encountered  w i t h  t h e s e  methods. 
The pe r iod  o f  a n  undamped gyro i n  a gyrocompassing mode i s  g iven  by 
where H = angu la r  momentum of  gy ro  
M = gyro mass 
4, = pendulous arm 
= moon r a t e  of  r o t a t i o n ,  
wO 
)c = l u n a r  l a t i t u d e  
= l u n a r  g r a v i t y .  gm 
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For example, u s ing  an  HIG5 gyro, assuming a r o t o r  mass of  1 kg. and 
pendulous arm o f  10 cm, t h e  pe r iod  on  t h e  moon i s  
L c m  
s ec 
1 L U  n5,- 6111 - 
-6  r ad  
x lOcm x 2.66 x 10 -/103gm x 167 ,, see 
T = 2n c m  -
L s ec 
T = 960 seconds .  
From E q .  ( 2 ) ,  A t  = L A & .  
go 
G r a v i t y  v a r i a t i o n  wi th  e l e v a t i o n  i s  
A r  A g = 2 g  - o r  
0 
A r  A t = t  
I 
0 
For an  e l e v a t i o n  change of  10m, A t  = 0.005 seconds .  
I t  does n o t  seem f e a s i b l e  t o  r emote ly  measure 10 sec. t o  t h a t  accu racy -  If 
f u r t h e r  s t u d y  were t o  show f e a s i b i l i t y  o f  such measurements,  Savet'e analyels 
should  be  c a r e f u l l y  checked .  This  i s  necessa ry  because  two e r r o r s  occur  else- 
where i n  t h e  same r e p o r t .  One i s  a f a c t o r  o f  57.3 ( E q .  l o b ) ,  and t h e  o t h e r  i s  
a f a c t o r  of  840 (Eq. 3 1 ) .  
3 
A new type  of  no r th - seek ing  gyro w i t h  a p o t e n t i a l  accu racy  of 1 sec. 
i s  be ing  developed a t  Hughes Research L a b o r a t o r i e s .  It is  not  f a r  enough a l o n g  
i n  t h e  development s t a g e  t o  be  cons idered  h e r e .  
A s p e c i a l  c o r r e c t i o n  t o  t h e  l o c a l  v e r t i c a l  may b e  necessa ry  f o r  t h e  
e f f e c t  of mascons i n  t h e  c a s e  of  p r e c i s i o n  a l t i t u d e  measurement, as i n  Method 
No. 2 .  A sample computat ion t o  i n d i c a t e  t h e  expec ted  magnitude i s  
p resen ted  i n  t h e  n e x t  s e c t i o n .  
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Devia t ion  o f  t h e  Local  Vertical  
According t o  D r .  R .  L. Forward of Hughes Research L a b o r a t o r i e s ,  a 
r e a s o n a b l e  mascon-caused g r a v i t a t i o n a l  anomaly of 20 e'dtvos u n i t s  i n  g r a v i t y  
g r a d i e n t  may be  expec ted  a t  50 Km a l t i t u d e .  
r e s u l t i n g  change i n  l u n a r  g r a v i t y  a t  the  s u r f a c e  i s  0.003 f t / s e c  . 
of  t h i s  e f f e c t  on t h e  l o c a l  h o r i z o n t a l  can be  ob ta ined  as fo l lows .  Assume t h e  
mascon i s  l e n s  shaped ,  200 km l o n g  wi th  c e n t e r  50 km below t h e  s u r f a c e .  L e t  
t h e  i n c r e a s e  i n  g r a v i t y  a t  a p o i n t  d i r e c t l y  over  t h e  c e n t e r  of  t h e  mascon be 
.003 f t / s e c  = 0 . 1  cm/sec . The e f f e c t  a t  a p o i n t  above t h e  edge o f  t h e  mascon 
( p o i n t  A) is  
A s  a f i r s t  approximat ion ,  t h e  
2 An estimate 
2 2 
100 Km 
 
50 2 
120 
AgA = 0 .1  x (-) = .017 cm/sec 
which i s  d i r e c t e d  downward from t h e  h o r i z o n t a l  a t  a n  a n g l e  
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rp = s i n  
The h o r i z o n t a l  component is  
ag, = . o i i  cos q = .G I55  
11 
Devia t ion  o f  l o c a l  h o r i z o n t a l  i s  
n x 3600 x 57.3 = 20 sec. 
162 
I @/I 
sec 
L m  .017-z 
167 
For most a l t i t u d e  measurements,  t h i s  i s  n o t  s e r i o u s .  Knowledge o f  t h e  e x i s t e n c e  
o f  t h e  mascon would permi t  c o r r e c t i o n  of t h e  l o c a l  v e r t i c a l ,  i f  d e s i r e d .  
Method No. 3. Use of a Lunar O r b i t e r  
A l u n a r  o r b i t e r  c a n  be  used f o r  , among o t h e r  t h i n g s ,  bo th  r e l a t ive  and 
Consider  f i r s t  i t s  a p p l i c a t i o n  t o  de t e rmina t -  a b s o l u t e  e l e v a t i o n  d e t e r m i n a t i o n .  
i o n  of  t h e  r e l a t i v e  a l t i t u d e  between Rover p o s i t i o n s .  
e i t h e r  by dopp le r  r a d a r  t r a c k i n g  of the  o r b i t e r  from t h e  Rover,  o r  p o s s i b l y  by 
laser a l t i m e t e r  measurement of  Rover a l t i t u d e  from t h e  o r b i t e r .  
t r a c k e r  w i l l  be d e s c r i b e d  h e r e .  See  t h e  s e c t i o n  on a b s o l u t e  a l t i t u d e  determ- 
i n a t i o n .  It i s  shown t h e r e  t h a t  a l t i t u d e  d i f f e r e n c e  between t h e  o r b i t e r  and 
Rover can  be  measured t o  an accu racy  of b e t t e r  than 10 meters. 
Th i s  can  be  accomplished 
Only t h e  r a d a r  
An a d d i t i o n a l  sou rce  o f  e r r o r ,  non- ins t rumen ta l ,  arises i n  t h i s  method. 
I t  is  due  t o  mascon-caused i r r e g u l a r i t i e s  i n  an o t h e r w i s e  known o r b i t .  The 
f o l l o w i n g  rough c a l c u l a t i o n  i n d i c a t e s  t h a t  a f a i r l y  l a r g e  mascon would c a u s e  a 
r e l a t i v e  a l t i t u d e  e r r o r  of on ly  .04 meter/km, on t h e  l u n a r  s u r f a c e .  
It was e s t i m a t e d  above t h a t  a mascon can cause  a change i n  l u n a r  
g r a v i t y  o f  0 .003 f t / s e c 2  a t  t h e  s u r f a c e ,  o r  0 .001  f t / s e c 2  a t  o r b i t a l  d i s t a n c e  
from t h e  mascon. The e f f e c t  on t h e  maximum r a t e  o f  d e p a r t u r e  o f  t h e  o r b i t e r  
from i t s  o r i g i n a l l y  " c i r c u l a r "  o r b i t  i s  o f  concern  h e r e .  Although o b t a i n i n g  
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t h i s  r a t e  r e q u i r e s  s o l u t i o n  of a ve r s ion  of  t h e  3-body problem, the  fo l lowing  
approach m y  g i v e  8:: erder of m g ~ i t u d e  s s l u t i c ~ ,  which is sufficiest for the 
p r e s e n t  purpose.  
l , , C  C1LL.=LtLQLI",' ,  a, acting 0;; 4-ha L11S " A . Y & L G l  --l-;+-- I U  mL., r - r c :  -- 
- 1 J .  
2 a -  r 
v -  2  L4 
r 
Aa From E q .  ( 3 ) ,  Ap = p a f o r  c o n s t a n t  r .  
ho ld ing  r c o n s t a n t ,  - - - 0 .5  f t f s e c .  
Av due t o  Ap i s  f o r  v = 5350 f t l s e c .  and 
Av - k v - -  Aa
A I  a 
Now i f  w e  d e c r e a s e  r t o  a value such t h a t  t h e  g r e a t e r  c e n t r i f u g a l  
a c c e l e r a t i o n  ba lances  t h e  l a r g e r  g r a v i t y  a c c e l e r a t i o n ,  w e  have 
2 v = a r  
2vAv = aAr + rAa 
6 2 x 5350 x 0 . 5  - 5.85 x 10 x . 0 0 1 =  
f t .  A r  = 
5 . 3  
To o b t a i n  t h e  e r r o r  i n  Rover r e l a t i v e  a l t i t u d e  measurement due t o  mascon-caused 
o r b i t  a l t i t u d e  v a r i a t i o n ,  w e  need t h e  d i s t a n c e  t r a v e l l e d  by t h e  o r b i t e r  t o  r each  
i t s  maximum change i n  a l t i t u d e .  
assuming t h e  e x t r a  a c c e l e r a t i o n  caused by t h e  mascon i s  a c o n s t a n t  over  a s u f -  
f i c i e n t  d i s t a n c e  a long  t h e  o r b i t  t o  e f f e c t  t h e  change i n  a l t i t u d e .  
A rough e s t i m a t e  of t h i s  can  be o b t a i n e d  by 
2 A r  = t Aa 
t = ( 2 . ~ o ~ o o f  = 450 sec. 
meters = 0.04 km 100 450 x 5400 
= = -  A r  S lope  of t h e  o r b i t  i s  d i s  t anc e t r a v e  1 led 
( 3 )  
( 4 )  
(5) 
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This  i s  s m a l l ,  if a l l  t h e  assumptions a r e  r e a s o n a b l y  v a l i d .  The e r r o r  
would become n e g l i g i b l e  if knowledge of t h e  shape  of t h e  o r b i t  could b e  improved 
upon a s  a r e s u l t  of t r a c k i n g  d a t a  from e a r t h .  
SELENODETIC (ABSOLUTE) ELEVATION 
An o r b i t e r  would seem t o  be a l o g i c a l  way t o  de te rmine  a b s o l u t e  o r  s e l e n o -  
d e t i c  e l e v a t i o n  because a b s o l u t e  e l e v a t i o n  i s  r e f e r e n c e d  t o  t h e  c e n t e r  of mass 
and t h e  o r b i t e r  r o t a t e s  about  t h e  c e n t e r  o f  mass. A l t i t u d e  of t h e  o r b i t e r  w i t h  
r e s p e c t  t o  t h e  Rover can b e  o b t a i n e d  by a method d e s c r i b e d  below. The d i f f i c u l t  
problem is  t o  o b t a i n  t h e  r a d i u s  of t h e  o r b i t  and t o  c o r r e c t  f o r  o r b i t a l  anomal ies .  
RF Tracking  of  O r b i t e r  from Rover 
The method d e s c r i b e d  h e r e  t r a c k s  t h e  o r b i t e r  from t h e  l o c a t i o n  where 
Tracking can be accomplished e i t h e r  w i t h  a t h e  a b s o l u t e  e l e v a t i o n  i s  d e s i r e d .  
d o p p l e r  r a d a r  o r  w i t h  a l a s e r .  O f  t h e  t w o  methods, t h e  r a d a r  i s  e a s i e r  t o  
implement because a wide-beam antenna can be used ,  o b v i a t i n g  t h e  need t o  s e r v o  
t h e  an tenna .  Laser  beams a r e  so  narrow t h a t  d i r e c t i o n a l  c o n t r o l  of t h e  beam 
would be n e c e s s a r y  i n  t h i s  a p p l i c a t i o n .  
A v e r s i o n  of t h e  d o p p l e r  method is  b r i e f l y  o u t l i n e d  below, w i t h  c a l -  
c u l a t i o n s .  I n  t h i s  method, a c o n s t a n t  f requency i s  t r a n s m i t t e d  from t h e  Rover 
v i a  a two-element a r r a y  ( e . g . ,  double  t u r n s t i l e ) .  The o r b i t e r  receives t h e  
s i g n a l  a s  a v a r i a b l e  f requency because of  t h e  d o p p l e r  s h i f t  due  t o  o r b i t e r  
v e l o c i t y  change w i t h  r e s p e c t  t o  t h e  t r a n s m i t t e r .  
L e t  v = s a t e l l i t e  v e l o c i t y  
h = s a t e l l i t e  a l t i t u d e  above t h e  Rover 
f = t r a n s m i t t e d  frequency 
0 
f = r e c e i v e d  frequency 
c = v e l o c i t y  of l i g h t .  
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For s i m p l i c i t y ,  i t  is  assumed t h e  s a t e l l i t e  passes  d i r e c t l y  over  t h e  Rover ,  bu t  
t h e  same p r i n c i p l e s  a p p l y  i f  i t  does  no t .  Then, 
V f - s i n  e 6 df  d t  o c  - =  
V 8 = -when s a t e l l i t e  i s  d i r e c t l y  above Rover h 
2 s _-  
L V  
V V 0 f - s i n e - =  - df  d t  o c  n cn - =  
T h i s  is t h e  maximum appa ren t  a c c e l e r a t i o n  o f  t h e  o r b i t e r .  
SATE LLl TE 
CARRIER 1 G H ! n !  CARRIER 1 GHz + AHz 
I ROVER I I I 
SATELLITE 
For a 1 Ghz c a r r i e r  and a 30 Km o r b i t ,  t h e  maximum appa ren t  a c c e l e r a t i o n  o r  r a t e  
o f  change o f  two-way dopp le r  s h i f t  i s  460 H z i s e c .  
c a l c u l a t i o n s .  I n  Appendix D i t  i s  seen t h a t  i f  two seconds o f  sampling t i m e  a t  
50 samples  p e r  second,  a t  an  a l t i t u d e  o f  30,000 meters, t h e  100 d a t a  p o i n t  
accu racy  is 3150: l  o r  a r ange  accuracy of  30,000/3160 10 meters. 
See  Appendix D f o r  l i n k  
The e f f e c t  of ground c l u t t e r  has  n o t  been cons ide red .  It should  bl 
sma l l  f o r  t h i s  type  o f  an tenna  because of  t h e  low e l e v a t i o n  a n g l e  of  any l o c a l  
h i l l s  w i t h  r e s p e c t  t o  t h e  Rover, and because of  t h e  poor r e f l e c t i v i t y  of  t h e  
d r y  s o i l .  
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Sampling t i m e  probably could be made l o n g e r ,  thus  improving accu racy .  
However, o t h e r  f a c t o r s  such as o s c i l l a t o r  phase  j i t t e r ,  d e g r a d a t i o n  due  t o  moon- 
t o - e a r t h  t r a n s m i s s i o n  e t c .  have been ignored .  
The above assumes o r b i t e r  v e l o c i t y  i s  known; however, i t  i s  n o t .  There  
remains a n  o r b i t  d e t e r m i n a t i o n  problem. 
A d d i t i o n a l  i n fo rma t ion  r e s i d e s  i n  t h e  dopp le r  d a t a  when t h a t  d a t a  a r e  
o b t a i n e d  throughout  a l a r g e  range  o f  t h e  e l e v a t i o n  a n g l e  Q ,  s a y  + 45 0 . Thousands - 
o f  samples  can  b e  o b t a i n e d  d u r i n g  a s i n g l e  pass from which a ve ry  smooth cu rve  
of v v s  t i m e  c a n  be  drawn. One way to  use  t h i s  d a t a  t o  a s s i s t  i n  t h e  o r b i t  
d e t e r m i n a t i o n  problem is  now o u t l i n e d .  
D 
R e f e r r i n g  t o  t h e  d iagram,  t h e  dopp le r  v e l o c i t y  v is D 
dvD 2 )  -= -v ( s i n  a cos  e & + cos a s i n  8 6) d t  
-(& t a n  a + 8 t a n  e )  3 )  - = D 
D 
V 
V 
The small  a n g l e  a is  known i n  terms of R ,  h and 8 from t h e  t r i a n g l e  
ABC, i . e . ,  from l a w  o f  s i n e s .  
s i n  y cos 8 R + h  
, ,  - 34 - 
~~ 
I 
v i s  a measured f i inc t ion  of t i m e  D 
is  known from t h e  s l o p e  of t h e  smooth v D 1  = f ( t )  curved 
D 
a i s  known from t h e  o r b i t  per iod .  
Then 
D 
D 
- f 2 ( t )  i s  o b t a i n e d .  
.i 
- -  
V 
Next, ' 
8 = f (:) is  found from ( 3 )  and ( 4 ) .  3 v  
From ( 5 )  and (6)  the '  r e l a t i o n  
8 = f ( t )  can be  computed. 4 
From ( 7 )  and v = f ( t )  , w e  have D 
v = f ( e ) .  D 
Then from (1) and (8) an average o r  smoothes v a l u e  of v i s  a v a i l a b l e .  
knowing o r b i t  pe r iod  P v e r y  a c c u r a t e l y ,  t h e  r a d i u s  of t h e  o r b i t  i s  
o b t a i n e d ,  
PV - -  
Ro - 2n 
The se l enocAt ic  e l e v a t i o n  is  R - h .  
0 
C o r r e c t i o n s  t o  R must be  made f o r  g r a v i t a t i o n a l  anomalies  and tr i-  
a x i a l i t y  of t h e  moon. An e r r o r  a n a l y s i s  of t h e  above procedure  is  n e c e s s a r y .  
A v e l o c i t y  accu racy  i n  t h e  neighborhood of 0 .02  f t l s e c  i s  r e q u i r e d  t o  r educe  
t h e  a b s o l u t e  a l t i t u d e  e r r o r  t o  10 me te r s .  
0 
Presumably a d d i t i o n a l  in format ion  could  be  o b t a i n e d  by t r a c k i n g  t h e  
o r b i t e r  from e a r t h .  For example, Rover p o s i t i o n  and a l t i t u d e  could be d e r i v e d  
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by d i f f e r e n c i n g  r ange  and v e l o c i t y  between e a r t h - o r b i t e r ,  ear th-Rover  and Rover- 
o r b i t e r .  
Rover would be d e t e c t e d .  
I n  t h i s  manner, s m a l l  l o c a l  v e l o c i t y  changes i n  t h e  v i c i n i t y  of t h e  
Othe r  ways t o  o b t a i n  e i t h e r  o r b i t a l  v e l o c i t y  o r  r a d i u s  were b r i e f l y  
i n v e s t i g a t e d  bu t  none were s a t i s f a c t o r y .  
t h e  o r b i t  r a d i u s  can be r e l a t e d  t o  v e l o c i t y ,  r a d i u s  and t h e  l u n a r  g r a v i t a t i o n a l  
For example, t h e  v a l u e  of g r a v i t y  a t  
pa rame te r .  
be  o b t a i n e d .  
measured i n  t h e  o r b i t e r  l e a v e s  an u n c e r t a i n t y  i n  o r b i t  r a d i u s  o f  70 meters. 
Then by measuring g r a v i t y  g r a d i e n t  on t h e  o r b i t e r ,  t h e  r a d i u s  can 
B u t  t h e  accuracy  of  1:20,000 wi th  which g r a v i t y  g r a d i e n t  can  be  
Another u n s u c c e s s f u l  a t t e m p t  was t o  t ime t h e  t r a v e l  o f  t h e  o r b i t e r  
through some a n g l e  a s  observed  from the  Rover o r  t h e  Landing Module. 
t h e  r e q u i r e d  accu racy  i n  v e l o c i t y ,  t r a c k i n g  of t h e  o r b i t e r  must be accomplished 
To a c h i e v e  
0 w i t h  a p r e c i s i o n  of  14 through a 90' a n g l e .  The 90 t r a v e r s e  must be timed 
t o  w i t h i n  an  e r r o r  of - + 4 x lom5 p a r t s  o r  0.14 m i l l i s e c o n d s .  
d e r i v e d  a s  f o l l o w s :  
The a c c u r a c i e s  a r e  
N v of o r b i t e r  = 1650 m/sec. 
d i s t a n c e  t r a v e l l e d  through 90' is  d 
ave rage  v e l o c i t y  e r r o r  permi t ted  i s  Av = 0.02 f t / s e c .  
Then d i s t a n c e  e r r o r  a l lowed is 
60,000 meters 
60,000 x - .02 - .24 meters 
1650 3.05 Ad = t Av = 
Allowable t i m e  e r r o r  is 
Ad A t = - =  V -5 - -  0'24 - 1.45 x 1650 s e c .  o r  one p a r t  i n  4 x 10 . 
The a l lowab le  a n g u l a r  e r r o r  is 
-5 *24 = 6.7 x 10 r a d  Ad r 36,000 A0 = - 
avg 
n 
= 14 sec. 
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Other  Hethods 
Three  o t h e r  methods f o r  e s t a b l i s h i n g  a b s o l u t e  e l e v a t i o n  are:  
1. RF and dopp le r  t r a c k i n g  of an  an tenna  on t h e  moon. A v e r s i o n  of  
t h i s  i s  laser t r a c k i n g  o f  c o r n e r  cube r e f l e c t o r s  p l aced  on t h e  moon, perhaps 
by t h e  Rover.  This  s u b j e c t  can more a p p r o p r i a t e l y  be  t r e a t e d  by JPL because  
o f  t h e i r  expe r i ence  i n  long-range t r a c k i n g ,  d a t a  smoothing and d a t a  i n t e r p r e -  
t a t i o n .  The a u t h o r s  o f  References  15-18 s h o u l d  be c o n t a c t e d  f o r  i n fo rma t ion  
on prec is ion ,  t r a c k i n g  t i m e ,  e t c .  
2 .  D i f f e r e n t i a l  Ranging ( R e f .  2 1 ) .  The A b s t r a c t  of t h i s  Reference  
i s  a s  f o l l o w s :  
"A method of  n a v i g a t i n g  a t  l u n a r  d i s t a n c e s  i s  developed which 
depends on d i f f e r e n t i a l  ranging  t o  two luna r  s t a t i o n s  from a 
t r i p l e t  of  MSFN s t a t i o n s  on  e a r t h .  The method can  e a s i l y  be  
a p p l i e d  t o  t h e  case of  nav iga t ing  a l u n a r  rov ing  v e h i c l e  or 
f l y i n g  u n i t  r e l a t ive  t o  i t s  p a r e n t  s p a c e c r a f t .  I n  c o n j u n c t i o n  
wi th  on-board CSM nav iga t ion  us ing  landmarks,  t h e  method could  
a l s o  be used t o  n a v i g a t e  an LM t o  h igh  g a t e  a l lowing  t h e  major  
e r r o r s  t o  be  removed whi le  t h e  eng ine  i s  o p e r a t i n g  e f f i c i e n t l y . "  
3 .  Use o f  a ve ry  long base  i n t e r f e r o m e t e r  (VLBI). I f  a n  a n g u l a r  
n 
accuracy  of 0.005 sec.  i s  assumed f o r  t h i s  d e v i c e ,  t h e  accuracy  a t  l u n a r  
d i s t a n c e  would be  5 11 meters. 
pursued . 
A t  t h e  s u g g e s t i o n  of JPL, t h i s  s u b j e c t  w a s  n o t  
I n  Tab le  I1 it is  assumed: (a)  t h e  Rover h a s  a normal o r  b a s i c  cornple- 
ment of  i n s t r u m e n t s  c o n s i s t i n g  o f  a TV camera,  an  odometer ,  an inc l inomete r  and 
some k ind  of  heading r e f e r e n c e ;  (b)  p a s i t i o n  and heading  are  known; and (c )  when 
t h e  TV camera i s  used,  i t  i s  r e fe renced  t o  t h e  i n c l i n o m e t e r .  
- 37 - 
Small  r e l a t i v e  numbers mean t h e  item is most f a v o r a b l e ;  e . g . ,  1 means 
p r e c i s i o n  accuracy  o r  i e a s t  c o s t .  i n  tne accuracy  coiumn, 4 means perhaps 
50 meters, 1 means 5 meters. 
Performance s e n s i t i v i t y  i s  a measure of p robab ie  deg radac ion  r e s u i t -  
i ng  from envi ronmenta l  and o p e r a t i o n a l  e f f e c t s .  It is r e l a t e d  t o  r e l i a b i l i t y .  
A d d i t i o n a l  a u x i l i a r y  hardware r e f e r s  t o  t h e  n e c e s s i t y  f o r  e x t r a  hard-  
ware i n  t h e  l u n a r  environment such  a s  an o r b i t e r  o r  s p e c i a l  r ang ing  s i t e .  
Three s t a r  s e n s o r s  imply  need f o r  a gyro  o r  TV s t a r  p i c t u r e  f o r  
heading  r e f e r e n c e  t o  a s s i s t  i n  s t a r  l o c a t i o n .  
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L 
TV Camera 
Inc  1 inome t e r  
Odometer 
TV Camera 
Lase r  
P r e c i s  i o n  
I n c  1 inome t e r 
S t a b l e  P l a t f o r m  
I 
ADVANTAGES 
1) Simple ,  R e l i a b l e ,  o p e r a t i o n a l l y  
2) No e x t r a  c o s t  o r  e x t r a  onboard 
3) Can use  f o r  h o r i z o n t a l  naviga-  
4 )  I n f o  immediately a v a i l a b l e  
1) Very a c c u r a t e  , r e l i a b l e  , opera-  
2) I n f o  immediately a v a i l a b l e  
3) Can use f o r  h o r i z o n t a l  naviga-  
e a s y  
equipment 
t i o n  
t i a n a l l y  easy  
t i o n  
1) Complete n a v i g a t i o n  sys tem,  
even i n  c a s e  of o b s t a c l e  avoid-  
ance maneuvers 
heading r e f .  ins t rument  and 
inc l inomete r  
2) Can r e p l a c e  v e h i c l e  odometer 
3 S t a r  Seeke r s  o r  S t a r  
F i e l d  Comparator 
1) Absolu te  a l t i t u d e  a v a i l a b l e  
2) Very a c c u r a t e  p o s i t i o n  & ele- 
v a t i o n  from de te rmina t ion  
1) O r b i t e r s  c a n  a l s o  b e  used f o r  
mapping, g r a v i t y  g rad iomet ry ,  
' photos 
I 
t 
S t a r  Seeker  Sun Sensor  
Longi tude  L a t i t u d e  
1) A b a s i c ,  v e r y  a c c u r a t e  h o r i -  
z o n t a l  n a v i g a t i o n  sys tem 
1) A very  a c c u r a t e  h o r i z o n t a l  
2) F a i r l y  easy  o p e r a t i o n a l l y  
n a v i g a t i o n  method 
Gyrocompass 
Fouc au I t  Pendulum 
D i f f e r e n t i a l  Ranging 
None w i t h  p r e s e n t l y  e x i s t i n g  
equipment 
1) Very a c c u r a t e  f o r  3 dimens iona l  
2) No e x t r a  onboard equipment 
3) Small  e x t r a  cost  
4 )  Absolu te  a l t i t u d e  a v a i l a b l e  
f i x  
1) Probably  could be as a c c u r a t e  
a s  t h e  RF t r a c k i n g  method 
O r b i t e r  (a) RF Track ing  
(b) L a s e r  Tracking  
- 
1) No e x t r a  onboard equipment 
I DISADVANTAGES 
-~ ~ -~ 
1) Poor accu racy  
1) C o s t l y  
Complex, u n r e l i a b l e  f o r  
one y e a r  o p e r a t i o n  i n  
Luna r environment  
poor  accuracy  f o r  e l eva -  
t ion  measurement u n l e s s  
f r e q u e n t  t ime consuming 
f i x e s  
1) Time t o  l o c a t e  3 s t a r s  o r  
t o  match s t a r  f i e l d s  
2) F a i r l y  compl i ca t ed ,  d e l i -  
c a t e  i n s t rumen t s  
3) Poor e l e v a t  i o n  de te rmina-  
t i o n  accuracy  
1) Not a p p l i c a b l e  f o r  sunO 
a l t i t u d e s  exceeding  70 
2) Poor e l e v a t i o n  de termina-  
t i o n  accu racy  
Not " s t a t e  of t h e  a r t "  t o  
y i e l d  a c c e p t a b l e  accu rac i e s  
1) Tracking  t ime t o o  long f o r  
r e l a t i v e  e l e v a t i o n  d e t e r -  
mina t ion  o r  f o r  h o r i z o n t a l  
navig  a t  i o n  
1) Tracking  t ime t o o  long 
2) E x t r a  ranging  s t a t i o n  on 
moon 
- 
1) Does it e x i s t ?  
1) c o s t  
t e r )  
1) c o s t  
2) Ext ra  equipment ( t h e  o r b i -  
2) L a s e r  t r a c k i n g  problem 
3) E x t r a  equipment ( t h e  o r b i -  
t e r )  
TABLE 111. COMP,lRISON OF ELEVATION DETERMINATION METHODS 
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GENERAL CONCLUS IONS 
The f o l l o w i n g  p a r t i a l l y  s u b j e c t i v e  comments r e s u l t  from the s t u d y :  
1. The b a s i c  Rover ins t ruments  probably  can be  made adequa te  f o r  
most of t h e  s h o r t e r  t r i p s .  Cost  and r e l i a b i l i t y  a r e  t h e  a t t r a c t i v e  f e a t u r e s  
h e r e .  
2 .  A TV camera wi th  a ranging  (and p i c t u r e  marking) l a s e r  w i t h  an  
0 0 . 1  o r  b e t t e r  i n c l i n o m e t e r  i s  q u i t e  s u f f i c i e n t  i n s t r u m e n t a t i o n  f o r  p r e c i s i o n  
r e l a t i v e  e l e v a t i o n  d e t e r m i n a t i o n .  
f a c t o r ,  however. 
The m a t t e r  of l a s e r  c o s t  i s  t h e  impor t an t  
3 .  Gyrocompassing of any form should  not  be g iven  f u r t h e r  cons ide ra -  
t i o n  u n l e s s  a new type  of i n s t rumen t  becomes a v a i l a b l e .  
4 .  S t a b l e  p l a t f o r m s  and v e r t i c a l  o r  d i r e c t i o n a l  gyros  should  
avoided  i f  p o s s i b l e  because  of r e l i a b i l i t y  and the rma l  c o n t r o l  problems 
P l a t f o r m s  a l s o  p r e s e n t  o p e r a t i o n a l  problems. 
5 .  O r i e n t a t i o n  of landmarks i n  landmark n a v i g a t i o n  should  be 
P r e f e r a b l y  they should  be  a t  a n  t o  l i e  w i t h i n  5 60' of t h e  Rover p a t h .  
r ange  exceeding  t h e  s t e p  l e n g t h .  
be 
chosen 
i n i t i a l  
6.  Tables  1 and 2 should  be of a s s i s t a n c e  i n  choos ing  between t h e  
v a r i o u s  i n s t r u m e n t a t i o n  a r rangements .  
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RECOMMENDATIONS 
The fCllc?!&!,P are some nf the areas needing fm-ther st_lldy; 
1. Befo re  comparisons can be made between n a v i g a t i o n  and guidance  
schemes,  b lock  diagrams of two o r  t h r e e  of t h e  most promising should  be drawn. 
These shou ld  be  i n  s u f f i c i e n t  d e t a i l  t o  coun t  c.omponents such a s  a m p l i f i e r s  
and m u l t i p l i e r s ,  and t o  de t e rmine  degree  of redundancy,  ins t rument  s p e c i f i -  
c a t i o n s ,  e t c .  The systems should  be compared from p o i n t s  of view such  a s  
r e l i a b i l i t y ,  a v a i l a b i l i t y  of i n s t rumen t s ,  o p e r a t i o n a l  problems, d a t a  r a t e s  
and p rocedure  f o r  i n i t i a l  a l i gnmen t .  
2 .  C e r t a i n  p a r t i c u l a r  i n s t r u m e n t a t i o n  problems need t o  be cons id -  
e r e d  i n  t h e  n e x t  phase .  Some of t h e s e  a r e :  
m a )  A v a i l a b i l i t y  of i n c l i n o m e t e r s  i n  t h e  20-60 sec. r a n g e ,  
w i t h  p roper  behavior  on a rough r i d e .  
b) Accuracy and f e a s i b i l i t y  of us ing  v a r i o u s  types  of odo- 
meters, p a r t i c u l a r l y  t h e  microwave dopp le r  t y p e .  
c )  How t o  mount t h e  TV camera, i . e . ,  make i t  pendulous? It 
may need t h r e e  s e r v o s .  
d) What kind of a sun seeker  arrangement  should  be used t o  
p rov ide  a t  l e a s t  a 30' x 30' f .o .v .?  
3 .  Look i n t o  t h e  low l a t i t u d e  a t t i t u d e  r e f e r e n c e  problem where 
n e i t h e r  sun  nor  e a r t h  s e n s o r s  can  be used. Are o p e r a t i o n s  necessa ry  a t  noon 
t i m e ?  Is t h e  d e g r a d a t i o n  caused by use of TV s t a r  p i c t u r e s  i n  combinat ion 
wi th  a d i r e c t i o n a l  gyro a c c e p t a b l e ?  
4 .  Look i n t o  p a r t i c u l a r  and m u l t i p l e  uses  f o r  lasers.  
a )  A d e s i g n  l ayou t  and o p t i c a l  a n a l y s i s  should  be made o f  t h e  
l a se r - inc l inomete r -TV camera arrangement on t h e  Rover t h a t  was sugges t ed  i n  
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Appendix A .  The purpose  would be t o  e s t a b l i s h  f e a s i b i l i t y  of t h a t  s u g g e s t i o n .  
b) Determine f e a s i b i l i t y  of l a s e r  uses  f o r  such f u n c t i o n s  a s  
n i g h t  d r i v i n g ,  o b s t a c l e  d e t e c t i o n ,  e t c .  
5 .  F i n i s h  t h e  landmark n a v i g a t i o n  s t u d y  i n i t i a t e d  a t  Hughes. T h i s  
i s  b a s i c a l l y  an e r r o r  a n a l y s i s  i nvo lv ing  e x t e n s i o n  of t h e  s t u d y  t o  inc lude :  
a )  S e v e r a l  landmarks and s e v e r a l  o b s e r v a t i o n s  of each i n  
r e l a t i o n  t o  t h e i r  d i s t r i b u t i o n  w i t h  r e s p e c t  t o  t h e  v e h i c l e  t r a c k .  
b) The e f f e c t  of cour se  d e v i a t i o n s .  
c )  Landmark d i s t r i b u t i o n  p r o b a b i l i t i e s .  
6 .  The fo l lowing  misce l laneous  n a v i g a t i o n  and guidance  problems 
shou ld  be  i n v e s t i g a t e d :  
a )  Naviga t ion  through and i n  a c r a t e r .  
b) Naviga t ion  i n  t h e  presence  of many l a r g e  r o c k s .  
c )  Naviga t ion  i n  ve ry  broken and h i l l y  a r e a s .  
7 .  The m a t t e r  of thermal  c o n t r o l  should  b e  g iven  c o n s i d e r a t i o n  i n  
s e l e c t i o n  of LRV n a v i g a t i o n  s y s t e m s .  This could  be a d e c i s i v e  f a c t o r  i n  c h o i c e  
0 of c e r t a i n  i n s t r u m e n t s .  For example, a 90 t u r n  of t h e  Rover can  move a p i e c e  
of equipment from shade  t o  d i r e c t  s u n l i g h t .  Also ,  most t y p e s  o f  gyros would 
need some h e a t  d u r i n g  t h e  l u n a r  n i g h t ,  which would cause  b a t t e r y  d r a i n .  
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APPENDIX A 
P o t e n t i a l  uses  o f  lasers f o r  l una r  e x p l o r a t i o n s  are  s u f f i c i e n t l y  numerous 
t o  w a r r e n t  s e p a r a t e  comment. Suggested laser a p p l i c a t i o n s  are: (1 )  i n  an o r b i t e r  
t o  o b t a i n  ns t an taneous  a l t i t u d e  f o r  purposes of  mapping t h e  l u n a r  s u r f a c e  ( 2 )  i n  
a n  o r b i t e r  t o  map g r a v i t y  g r a d i e n t  (3)  on a Rover t o  r ange  t o  a r e f l e c t o r  on a n  
o r b i t e r  t o  o b t a i n  Rover p o s i t i o n  and a l t i t u d e  in fo rma t ion  and as  a d i r e c t  nav i -  
g a t i o n  a i d  ( t h e  o r b i t e r  would be  t h e r e  f o r  o t h e r  purposes  i n  t h i s  c a s e )  ( 4 )  on 
t h e  Rover f o r  a c c u r a t e  landmark nav iga t ion  and a l t i t u d e  d e t e r m i n a t i o n  (5)  on t h e  
Rover f o r  t e r r a i n  mapping wi th  a scanning  l a s e r  ( 6 )  on t h e  Rover f o r  o t h e r  pos- 
s i b l e  misce l laneous  purposes  such  as  o b s t a c l e  d e t e c t i o n ,  n i g h t  d r i v i n g  i n t e r -  
m i t t e n t  i l l u m i n a t i o n ,  v a p o r i z a t i o n  of l u n a r  material  f o r  s p e c t r a l  a n a l y s i s ,  and 
ho lograph ic  a p p l i c a t i o n s .  
The fo l lowing  d e s c r i p t i o n  of  a l a s e r  f o r  l u n a r  u se  is from a r e c e n t  Hughes 
p roposa l  t o  NASA (Reference  20) .  
"The laser alt imeter w i l l  be used t o  measure t h e  d i s t a n c e  from 
a n  Apollo s p a c e c r a f t  i n  l una r  o r b i t  t o  t h e  moon's s u r f a c e .  
The alt imeter w i l l  be  p r i m a r i l y  i n  s u p p o r t  of  a metric camera 
experiment  i n  which i t  w i l l  measure t h e  r ange  t o  a n  i d e n t i f i e d  
p o i n t  on t h e  metric camera scanning  l a s e r  photograph.  The 
a l t i m e t e r  d a t a  w i l l  a l s o  be  used t o  de te rmine  broad v a r i a -  
t i o n s  i n  t h e  moon's topography. 
The laser  a l t imeter  w i l l  determine r ange  between t h e  S e r v i c e  
Module Ins t rument  Carrier (SMIC), where t h e  altimeter w i l l  be  
l o c a t e d ,  and t h e  l u n a r  s u r f a c e  by measuring t h e  t i m e  r e q u i r e d  
f o r  a p u l s e  o f  l i g h t  energy t o  t r a v e l  t o  t h e  l u n a r  s u r f a c e  
and r e t u r n .  
11 
An e l e c t r o - o p t i c a l l y  Q-switched Nd:YAG laser 
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w i l l  be  used t o  g e n e r a t e  a 100 m i l l i j o u l e ,  10 nanosecond 
p u l s e  of 1 .06 micron r a d i a t i o n .  A s o l i d  s t a t e  d e t e c t o r  
o f  t h e  germanium ava lanche  t y p e  w i l l  be  used t o  d e t e c t  
t h e  r e t u r n  p u l s e .  
"The a l t imeter  range  measurement w i l l  be synchronized  t o  
o p e r a t e  i n  c o n j u n c t i o n  w i t h  the  Metric Camera s h u t t e r .  
A r e t r o - r e f l e c t i v e  p r i s m  assembly w i l l  be used t o  send 
alt imeter b o r e s i g h t  in format ion  t o  t h e  Met r i c  Camera. 
This  b o r e s i g h t  i n fo rma t ion  w i l l  i n d i c a t e  t h e  alt imeter 
o p t i c a l  a x i s  t o  w i t h i n  100 microradians  (20 s e c . ) .  *- 
"The alt imeter o p e r a t i o n  w i l l  be  c o n t r o l l e d  by e l e c t r i c a l  
s i g n a l s  from t h e  Apollo command module. I n  a d d i t i o n  t o  
t r i g g e r i n g  i n  synchron iza t ion  w i t h  t h e  Metric Camera 
s h u t t e r ,  a n  au tomat i c  mode i s  a v a i l a b l e  i n  which t h e  
altimeter r ang ing  sequence i s  t r i g g e r e d  a u t o m a t i c a l l y  
e v e r y  10 seconds .  
"A mechanical  s h u t t e r  a c t i v a t e d  by a separate photodiode 
c i r c u i t  i n  t h e  a l t i m e t e r  p r o t e c t s  t h e  s e n s i t i v e  germanium 
avalanche  d e t e c t o r  from d i r e c t  r a d i a t i o n  from t h e  sun ."  
The s p e c i f i c a t i o n s  of Table  A-1 a r e  t y p i c a l  of t h e  p r e s e n t  s t a t e  of t h e  a r t .  
The we igh t  and power requi rements  are  r a t h e r  h igh  f o r  a l u n a r  r o v e r ,  b u t  a r o v e r  
does  n o t  need a 150 Km range  wi th  a n  accuracy  of 1:lO . 
by a f a c t o r  of 5 o r  10 and accuracy  r e s o l u t i o n  by an o r d e r  of  magnitude, wei::ht 
and power could  be reduced by a f a c t o r  of 2 o r  more. 
5 I f  range  were reduced 
F i g u r e  A*l. is  a b lock  diagram o f  the  l u n a r  l a s e r  a l t i m e t e r  (Reference  2 0 ) .  
For p r e c i s i o n  n a v i g a t i o n  and a l t i t u d e  d e t e r m i n a t i o n ,  t h e  fo l lowing  a r r ange -  
ment shou ld  be c o n s i d e r e d .  Mount t h e  TV camera, l a s e r ,  and inc l inomete r  i n t e g r a l l y  
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a t  t h e  b a s e  of t h e  mast. T h i s  method of mounting improves maintenance of  a l i g n -  
ment between t h e  camera and laser o p t i c a l  axes  i n  a d d i t i o n  t o  a l ignment  between 
t h e  l a s e r  o p t i c a l  a x i s  and t h e  i nc l inomete r  r e f e r e n c e .  A gimbal led m i r r o r  h igh  
up on t h e  mast s e r v e s  t o  r e f l e c t  t h e  scene  i n t o  t h e  camera. The precise p l a c e  
t o  which r ange  i s  measured by a l a s e r  p u l s e  can  s imul t aneous ly  be  marked on t h e  
TV p i c t u r e  by a method such a s  t h a t  employed i n  t h e  above d e s c r i b e d  laser 
a l t i m e t e r  t o  mark t h e  m e t r i c  camera photo. 
Comparat ive c a l c u l a t i o n s  of range ,  power, and r e c e i v e r  d i ame te r  can  b e  
made from Equat ion  ( A - 1 ) .  
2 k E , P D  
1 - 
2 R Er - 
where  
Er = energy  r ece ived  
ET = energy  t r a n s m i t t e d  (N power) 
e = r e f l e c t i v i t y  
D = r e c e i v e r  o p t i c s  diameter  
R = r ange .  
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TABLE A - 1 .  SUMMARY OF LASER LUNAR ORBITER ALTZMETER SPECIFICATIONS 
P E R  F 0 13 h,IA KC, E 
--- - 
La s e r w a  v c  1e gth 
Pulse  energy 
Pu l se  durat ion 
Pu l se  repeti t ion ra te ,  maximum 
Pu l  s e s y nc h r oniz 2. t ion 
(CAMERA mode) 
T r a n s  mitte r be am divergence 
R'eceiver field of view 
Range resolution 
Range accuracy  
Operating range against  lunar  
su r face  (for s ignal  probability 
oi 0. 99, false alarm rate of 
0. 01) 
Requ i red  power to opera te  
F la sh lamp  life 
PHYSICAL 
Tota l  weight 
* 
Dimensions 
ENVIRONMENTAL 
Tempera tu re ,  operating 
Tempera tu re ,  s torage  
Shock 
Vibration 
I.. 06 niicr3ns 
100 1nillijc)ul.c.s j:uz-.-.Li*iLlj ov.tput 
10 na.nosc:conds jlnj. - ; i i z  !. 
'Once very  8 .-,ecoTic!b 
Within 3 millisecond::* of m e t r i c  j 
tcamera shut te r  signal 
80 2crcent  of energy within 0. 2 milli- 
radian cone 
0. 2 mil l i radian cone 
2 m e t e r s  
90 percent  of rangings within 
2 meters 
40 to  80 nautical  miles 
30 wat ts  design goal, 50 wat ts  
maximum, at 27. 5 volts DC 
250,000 flashes for 10 percent  
dec rease  in laser output nominal 
50 pounds design goal, 75  pounds 
max imum 
Wedge shaped package, 
16 in. x 24 in. on output face  
10 in. x 24 in. on rear face  
12 in. maximum depth . 
-40°F to t 1 8 0 " F  
-50°F to  t200 'F  
Per specifications 
Per specific ations 
* See Text 
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Figure A - 1 .  Simplified Block Diagram of Laser Altimeter 
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APPENDIX B 
ERROR PROPAGATION 
Each e l e v a t i o n  measurement w i l l  have an e r r o r .  The mean v a l u e  of t h e  e r r o r s  
w i l l  be z e r o  u n l e s s  a b i a s  occur s  i n  one of  t h e  measuring i n s t r u m e n t s .  
t h e  e l e v a t i o n  u n c e r t a i n t y  w i l l  i n c r e a s e  w i t h  each measurement, as shown below. 
However, 
Assume an  i d e a l i z e d  s i t u a t i o n  wherein a t  each  s t o p  an o b s e r v a b l e  i s  a v a i l -  
a b l e  a t  t h e  same range  as t h e  one  used f o r  e l e v a t i o n  measurement a t  t h e  p rev ious  
s t o p .  Assume two measurements a r e  made, one a t  each of two r a n g e s ,  of  each 
o b s e r v a b l e ,  a s  shown i n  t h e  d iagram.  Assume t h a t  range  can  be measured e x a c t l y  
LANDMARK NO. 1 
-- 
E LEVATI ON 
and t h a t  each angu la r  measurement 0 i has an  e r r o r  7 which i s  Gauss ian  w i t h  mean 
z e r o  and v a r i a n g e  CT 
2 
0 '  * 
L e t  ri  be  t h e  range  from t h e  i-1 p o i n t  t o  t h e  ith landmark, and l e t  ri be 
t h e  r ange  from t h e  ith p o i n t  t o  t h e  ith landmark. L e t  t h e  i n i t i a l  p o i n t ,  A ,  
have e l e v a t i o n  z = 0 .  Then t h e  a l t i t u d e  o f  t h e  f i r s t  landmark, h l ,  i s  
s i n ( 8  + q) s i n  8 1 hl 
rl 
- =  
1 
D i f f e r e n t i a t i n g ,  
q cos  el - =  Ahl 
1 r 
Ahl = r 1 T l  cos el = ,/r2-h2 l l T  
E(Ahl) = 0 
* h - Z  * 1 1  
1 s i n  (8 +q) = -* Y s i n  8 
1 r 
S i n c e  h is approximate ly  known from t h e  f i r s t  measurement, 
* 
s i n  0 = 1 
1 
1 
r 
r 
-* s i n  8 - 1 
z 
* 
1 r 
* * 
1 r s i n  8 - r s i n  8 1 1 1 z =1 
D i f f e r e n t i a t i n g  t o  o b t a i n  t h e  u n c e r t a i n t i e s  a t  p o i n t @  
* Ahl-Az 1 * 7 cos e = 
1 r 
1 
* * 
1 Az, = Ahl - r COS 8 1 
* * 
z t hen  has  t h e  mean v a l u e  r s i n  8 - r s i n  8 and t h e  v a r i a n c e  1 1 1 1  1 
* 2 ]  1 : 2 * b r l  cos Q ~ )  + ( r l  cos  e u 
2’  Now from p o i n t @  a second landmark i s  s e l e c t e d  a t  range r e l e v a t i o n  a n g l e  8 2 ’  
2 a l t i t u d e  h 
h2 
BE N C H MARK --- -- -- A ---- 
=2 E LEVATl ON 
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h -2 
% s i n  8 2 1  s i n  (e -t q) = -
2 2 2 r 
1 h = r  s i n 8  + z  2 2 2 
* * 
R / h  ) = s i n  Q + r n i n  Q - r1 _ _ _ _  s i n  Q 
1 -‘-2 r2 2 
Ah, Az? 
L 7 ~ 0 ~ 8  = --I r 2 2  2 r 
1 r) COS e + A Z  2 Ah2 = r2 
E(Ah2) = 0 
E(Ah2) 2 = [(r2 cos e2) 2 + (rl  cos e,)’ -1- (r * cos e:)2]oe 2 
1 
Now move t o  p o i n t  @ and s i g h t  a g a i n  on landmark 2 .  
* h -2 2 2  -* s i n  ( e 2  + q) = * sy s i n  8 2 
* * 
2 
z = h2 - r s i n  8 2 2 
* * * * 
2 
z = r s i n  8 + r s i n  8 - r s i n  8 - r2 s i n  8 
2 2 2 1 1 1 1 
Az2 * Ah2 
COS e2 = - - -* * 
2 r 2 r 
* - r r) COS G2 Az2 = Ah2 2 
E(Az ) = 0 2 
= [ ( r l  cos el)  2 + ( r 2  cos e2) 2 +- ( r  * 1 cos e,) * 2  + ( r 2  * cos e 2 )  * ’1.; 
S i m i l a r l y ,  z has  t h e  mean v a l u e  n 
* * n 
i= 1
E(z ) = C ( r  s i n  8 - r s i n  Qi) n i i 1 
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and v a r i a n c e  
3 
( r i  cos  ei) 2 + ( r i  * cos  e)2 ] ae 2 
* r .  i 
For example,  l e t  cos 8 = 1, ri = 7 i n  a l l  measurements and a l l  ri e q u a l ;  then  
L e t  t h e  e r r o r  i n  each measurement be 3 meters on a r ange  of  3 km. The d i s t a n c e  
t h a t  can b e  t r a v e l l e d  b e f o r e  t h e  u n c e r t a i n t y  ( v a r i a n c e )  i n  a l t i t u d e  as r e f e r e n c e d  
t o  t h e  s t a r t i n g  (benchmark) a l t i t u d e  r eaches  20 meters is 3n k i l o m e t e r s  where n 
i s  g iven  by 
n = 30 and d i s t a n c e  t r a v e l l e d  i s  
d = 30 x 3 = 90 Km. 
The graphs  of  F i g u r e s  11-1 t o  3 show e r r o r  growth ve r sus  t h e  number of  
v e h i c l e  s t o p s .  
a n g l e  read* on each landmark a r e  taken a t  d i f f e r e n t  ranges  from i t ,  t h e  d i s t a n c e  
t o  each new landmark remaining c o n s t a n t .  
f o r  any one cu rve  and i s  measured t o  an accu racy  of 0.1%. 
t o  error accumula t ion  f o r  a l l  t h e  curves  o c c u r s  i n  t h e  f i r s t  term o f  Eq. (1 )  P . 2 .  
It  is s e e n  t h a t  u s e f u l  a l t i t u d e  measurements r e q u i r e  an  e l e v a t i o n  accu racy  of  
b e t t e r  t h a n  one-ha l f  deg ree .  
The c a l c u l a t i o n s  are based on t h e  assumption t h a t  two e l e v a t i o n  
Di s t ance  between s t o p s  a l s o  i s  c o n s t a n t  
The major c o n t r i b u t o r  
The g e n e r a l  case of n s u c c e s s i v e  s i g h t i n g s  on n landmarks a t  misce l laneous  
ranges  is a s t a t i s t i c a l  problem beyond t h e  scope  of t h e  p r e s e n t  e f f o r t .  
can  be made on s u c c e s s i v e  s i g h t i n g s  on a s i n g l e  landmark. I t  i s  t h a t  e l e v a t i o n  
accu racy  wi th  r e s p e c t  t o  a benchmark w i l l  no t  improve wi th  r e p e a t e d  measurements 
Comment 
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t aken  a t  d e c r e a s i n g  d i s t a n c e s .  This  can be  s e e n  from t h e  diagram below. 
A s i g h t i n g  on landmark B from r e f e r e n c e  a l t i t u d e  A w i l l  have an e r r o r  Ah. The 
e r r o r  i n  a n  a l t i t u d e  measurement of B wi th  r e s p e c t  t o  C ,  t aken  a t  C ,  w i l l  be  
less than  Ah because t h e  range  is less. But t h e  a l t i t u d e  u n c e r t a i n t y  of C 
w i th  r e s p e c t  t o  A w i l l  be  g r e a t e r  t h a n  Ah because  of t h e  e r r o r  i n  making t h e  
measurement a t  C .  
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FIGURE II- 1 .  ALTITUDE VARIANCE VERSUS NUMBER OF STEPS 
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FIGURE 11-2. ALTITUDE VARIANCE VERSUS NUMBER OF STEPS 
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FIGURE 11-3. ALTITUDE VARIANCE VERSUS NUMBER OF STEPS 
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APPENDIX C 
GRAVITY GRADIOMETER CHARACTERISTICS 
The very complete summary of gravity gradiometer characteristics shown 
below, although not directly pertinent to the elevation determination problem, 
is included for possible scientific interest. The Tables were obtained from 
Reference 12 and are self-explanatory. 
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APPENDIX D 
DATA - L I N K  CALCULATIONS 
To o b t a i n  an  e s t i m a t e  of t h e  accuracy  w i t h  which h can be measured, t h e  
fo l lowing  l i n k  c a l c u l a t i o n s  a r e  needed.  Assume: 
Prime power = 20 w a t t s  
T r a n s m i t t e r  power = 10 w a t t s  
Antenna g a i n  (both  ends) = 3 db (assuming t h e  2-element a r r a y )  
Frequency = 1 Ghz 
Dis t ance  = 100 n.mi. (assumed maximum t r a c k i n g  range)  
T h e  p a t h  oss between omniantennas is  
L = 3 8 . 1  + 20 l o g  f + 20 l o g  D 
= 38.1 + 60 + 40 = -138 db 
T r a n s m i t t e r  power = 10 dbw 
Antenna g a i n  = 3 db 
E W  = 13 dbw 
Received power a t  s a t e l l i t e  an tenna  = -138 + 13 = -125 dbw 
S a t e l l i t e  an tenna  g a i n  = 3 db 
Received power a t  s a t e l l i t e  = -122 dbw. 
To compute n o i s e ,  assume a 50 Hz phase l o c k  loop bandwidth. Then, 
Noise = KTB where 
K = Boltzman c o n s t a n t  = -228.6 dbw 
T = r e c e i v e r  e f f e c t i v e  t empera tu re  = 1000°K = 30 db 
B = bandwidth = 50 Hz = 1 7  db 
Noise = -181.6 dbw 
C a r r i e r  power = -122.1 dbw 
59 .5  db = S/N i n  s a t e l l i t e .  
- 64 - 
I f  3 db d e g r a d a t i o n  is  assumed f o r  down t r a n s m i s s i o n  and a 6 . 5  db margin,  
t h e  f i n a l  S/N a t  t h e  Rover i s  50 d b .  The receiver frequency a s  a f u n c t i o n  of 
t i m e  w i l l  have a c u r v e  of  t h e  form shown, where t h e  s l o p e  through t h e  o r i g i n  
e q u a l s  
The s i n g l e  sample accuracy  of a 50 db S/N a t  t h e  p o i n t  of maximum s l o p e  is  
50 db N 100,OOO:l i n  power o r  3 1 6 : l  i n  ampli tude.  
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